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HFRJH }B�]7"?Uj�-0$+2� '�a&'���'-Z�<���[�^� RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M8Y
HFRJHFR G �b�>-% "90�[7"9%$#�'=�$#7G���+�.R^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M=N
HFRJHFRJI lP "�%90�>-C&"/1�.��$#�'�>-Z&)(x5��% '&"�,R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M=N

� 	 
���9-�.�2����,.�=�&��9-� "$
�� � ,69��6� ����� ,6�*"$
 �89�,6� � �����*��� � ��+W7�� � F
K'R G }z�>-P5��O5��'���:�����0-�&'���'-C�<���^�^� R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y@H

K'R G R G f� '�^&"�>-Z&F$��)5�90�����0�>-Z$#���0��9L�1=��%$+/1�'-�&'���'-C�+�^&"5��0�>=��0�� "9�RaR^R!R^RaR^RaRaR^RaR^R!R^R Y@L
K'R G RJI lN=>=>@>-Zd]�Q(x5��'��9%;�$+�!&F 4�'�� "�%9%$#�'/ R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y@M

K'RJI �b5��%?'/U&"�>-P&"�^&"5��0��9%�e$#�G���%$+/1�b&"�[�Q(x5��'��9%;�$+��&"�>-N�! '/1�'- RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y=Y
K'RJIFR G }z/1�";� '�� "9�&"�[���]�%9L�XWY�>=��0/1$#90�!���C7T��9%�0�^&)(x5��'��9%;�$+�!7G��9C$+/1�"$+-L���%$+/1��R^RaRaR^RaR^R!R^R Y=Y
K'RJIFRJI SK/1 "9%M" "90�a&"�^���_�%9L�XW%�>=��0/1$#90�!&'���'-C�+�a=0?G���e74�.��;��'5��%$+2U '�.R!R^RaR^RaRaR^RaR^R!R^R N G

K'RJH }z�a=L?G�1-0-0�� "9Z&"�a�%9L�1=>� RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N�K
K'RJHFR G pz9L���'-%H{/19%�.���%$+/1�b&"�^|P/1 ";�? RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=L
K'RJHFRJI lP�#;O/19%$#�%?"�:�a&"�a&"5��0�>=��%$+/1��&"�^���_�%9L�1=>��RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N8Y

K'R K �Z5>-0 "�#�L���0-C&"�^���_90�>=0?'��90=L?'��&"�a�%9L�1=>�a���C&"�^���_90�>=>/1�'-%�%9% '=��%$+/1� RaR^R!R^RaR^RaRaR^RaR^R!R^R O=L
K'R K'R G �Z5>-0 "�#�L���0-C&"�[���]90�>=0?'��90=L?'�!&"�^�%9L�1=>��R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=L
K'R K'RJI �Z�>=>/1�'-0�%9% '=��%$+/1��&"�^�Q(x5��'��9%;�$+� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=N

K'RJL SK/1�'=��# '-%$+/1�b-% "9N���]90�>=>/1�'-%�%9% '=��%$+/1�bR^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z�K
X � �&,.".
3".
�� �(����
�� � �=�&��9-�.���5, � � �! 7 !�� �2�&���5,6
�� >#"-X

LFR G �b/1�%$#�1���%$+/1��&F <=0?'/1$ID4&"�^�Q(*���G���#jF-0�^&"�>-%$��h} RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=L
LFRJI }B�e-L5��+�>=��%$+/1��&"�>-Z2U G�1-%$I� 5����1-%�%$+2U '�>- RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=M

LFRJIFR G S\��9L�1=��05�9%$+-%�%$+2U '�>-Z&"�>-C2U G�1-%$I� 5����1-%�%$+2U '�>- R^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z8Y
LFRJIFRJI SK/1 "7" "90�a-% "9N�+�>-P&F$+-%�%9%$#M" "�%$+/1�'- R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFRJIFRJH �
�.=V�1=�$#�05����N7" "90���05a&F 6w'�#�%90� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G=G

LFRJH }h(x5��'��9%;�$+��&"�>-C�'�� "�%9%$#�'/�-6RaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFR G }B�_7G��9%�%$+�!?G�1&F90/1�"$+2� '��R^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFRJI ���'��9%;�$+�^�0/1�L���+�<RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFRJH }z�>-C��9%90�� "90-P-%jF-%�05��.���%$+2� '�>- RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G M

LFR K �����0��9%7"905��L���%$+/1�����6�0��9%�:�!&"�[7G��9L���:@��%90�>-�&)(x/�-0=�$#�#�����%$+/1� RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G O
LFR K'R G �b5��%?'/U&"�^&)(x�EDF�%9L�1=��%$+/1�<&"�>-N7G��9L���:@��%90�>-�&)(x/�-0=�$#�#�����%$+/1�4RaR^R!R^RaR^RaRaR^RaR^R!R^R G=G O
LFR K'RJI �P��7"78/19%�C&"�>-C-%78�>=��%90�>-�R^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G I=Z
LFR K'RJH SK/1���0/1 "90-P&"�a=>/1�Fwy���'=>�a78/1 "9N�+�>-%$��h} R^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G I�K

& 9��6� ! ,.�&��9-� > P('
)*� ��! ��9-+W� � �*�$��
 > F+"
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G R G pq��M"�+�V�� <&"�>-N7G��9%�%$+=� "�+�>-P5��+5��:�����L��$#90�>-�&F ��b/U&"@��+�!�U�L���'&'��90&�R!R^RaR^RaRaR^RaR^R!RaR^RaR H
G RJI lP�G���+/1;�$+�a���U�%90�a&F$��T '-0$+/1��5��+�>=��%90/1�.��;��'5��%$+2� '�_���C&"5>-%$#�U�05�;�9L���%$+/1�

β
R^RaRaR^RaR^RaR!R^RaR G Y

G RJH �[5>-%$#�U�05�;�9L���%$+/1�<&F 4�� '/1�4�� '�[7G��9��'��9%�e$B���C7G��9[��� ��RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I G
G R K ��$���;�9L���e�:�a&"�	�'��jU�"�.���bd]�Q(x/190&F90�a&"�>-Z��9%M"90�>-P&"�

νl + l′ → l + νl′
RaRaR^RaR^R!RaR^RaR I=I

G RJL fh��9%�0�ED6&)( $#���0��9L�1=��%$+/1��&F bSNS
u − W− − d

RaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR!R^RaR I�K
G RJM ���>=��%$+/1�<�E�.=V�1=>� $�� &"�>-Z�'�� "�%9%$#�'/�- R^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I8Y
G R Y SK/1�Fw';� "9L���%$+/1�b&)( $#���0��9L�1=��%$+/1�b�'�� "�%9%$#�'/��1�����%$#�'�� "�%9%$#�'/6�>�O�>=!���_�.���%$+@�90� RaR^RaR^R!RaR^RaR I8Y
G RJN ��$+-%�%9%$#M" "�%$+/1�<&"�aiK90��$#�Y�
� $#;��'��9Z&"�>-C905>-0/1�G���'=>�>-�RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I=N
G RJO ���>=��%$+/1�'-P�E�.=V�1=>�>-C�0/1�L���+�>-P&"�>-N7"90/U&F '=��%$+/1�'-P&"�[905>-0/1�G���'=>�>-Pde "�67"$+/1� RaR^RaR^R!RaR^RaR I=O
G R G Z �[/1�"�'5>�>-C&"�!���%�u&"�[�'�� "�%9%$#�'/�-����C&)(*�����%$I�Q�'�� "�%9%$#�'/�-[RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR H G
G R G=G ���>=��%$+/1�<�E�.=V�1=>�^�0/1�L���+�!&"�>-N�'�� "�%9%$#�'/�-P���Z&"�>-Z���U�%$I�Q�'�� "�%9%$#�'/�- $���� �P�3����[�Y��R!RaR^RaR H G
IFR G �U78�>=��%90�a&"�>-N�'�� "�%9%$#�'/�-P5��e$+-N7G��9C�+�a-L/1�+��$#�uRaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR H=L
IFRJI gh90/1MG��M"$#�#$#�05!&"�^-% "9%��$+�a&"�>-N�'�� "�%9%$#�'/�-

νe
���
νµ

RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR K�M
IFRJH gh90/1MG��M"$#�#$#�05>-P&)(*��7"7G��9%$#�%$+/1�'-P7G��9C/�-0=�$#�#�����%$+/1�<&"�[�'�� "�%9%$#�'/�- R^R!R^RaR^RaRaR^RaR^R!RaR^RaR K�N
IFR K ��-%7G�1=>�>-C&"�^7G��9L���:@��%90�>-P&"5��0��9%�e$#�'5a7G��9����^����$#�'-%$B2U '�[7G��9Z&)(*�� "�%90�>-Z�EDF785�9%$+���'=>�>- RaR L=Z
IFRJL ��-%7G�1=>�Z&"�P7G��9L���:@��%90�>-\&"5��0��9%�e$#�'5Z7G��9��a���e�����'&,-L�� "�y����7G��9��a���e�����'&��>�O�>=P�+�>-3�EDF7T5E�

9%$+���'=>�>-Z-% "9C�'�� "�%9%$#�'/�-Z-L/1����$#90�>-VR R^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L G
IFRJM ��-%7G�1=>��&"�>-�7G��9L���:@��%90�>- (

∆m2
23, sin

2(2θ23)
) 7"9%$+-_7G��9e��� �V�O�>=,�+�>-_�'�� "�%9%$#�'/�-:���%�:/��

-07"?'5�9%$+2� '�>-�R!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=I
IFR Y ��-%7G�1=>�!&"�>-P7G��9L���:@��%90�>- (

∆m2
23, sin

2(2θ23)
) 7"9%$+-C7G��9a��� �V�O�>=a�+�>-P�'�� "�%9%$#�'/�-P&F �HJ��$+-Y�

=>�V�� <&"���^��� RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=H
IFRJN ��-%7G�1=>�Z&"�>-37G��9L���:@��%90�>-K7"9%$+-�7G��9K}m���P� �>�O�>=P�+�>-h�'�� "�%9%$#�'/�-\���+�>=��%90/1�"$+2� '�>-\&F .HJ��$+-0=>�V�� 

&"�^}q���P� R!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=H
HFR G ��=L?'5��.�:&F 4&F$+-%78/�-%$#�%$IH��ED�785�9%$#�:�����L���q&"�^�<���^�^� R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=L
HFRJI ��$��)5�90�����0-P-%7T�>=��%90�>-C7T/�-0-0$#M"�+�>-\7T/1 "9Z�b���[�^� R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=M
HFRJH SK/1�U�L���e$#�G���%$+/1�'-P&F 4HJ��$+-0=>�V�� �7G��9N$#���0��9%�����#�+�!&)(x5��'��9%;�$+� RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L8Y
HFR K ��=L?'5��.�:&"�[�Q(x/17"�%$+2U '�a&"�a�b���^�^�TR8RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=N
HFRJL }B�>-NMG���'&"�>-Z&"�^-0=�$#�U�%$#�#�����0�� "9bR!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M=Z
HFRJM �[5>=V������;O�a-07T�>=��%9L���B&"�>-Nw'M"90�>-��k}q� R^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M G
HFR Y }B�^&"5��0�>=��0�� "9Z�+/1$#���L��$#� R^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M G
HFRJN ��=L?'5��.�:&F 4&"5��0�>=��0�� "9P7"90/U=L?'�a���Z&"�^-0�>-C&F$��)5�90�����0�>-Z7G��9%�%$+�>-VR.R!R^RaR^RaRaR^RaR^R!RaR^RaR M=H
HFRJO ��=L?'5��.�:&)(  "�'�^7"���12U '�^&"�^���_905�;�$+/1�b=V���+/19%$#�:5��%9%$+2� '��&F 4&"5��0�>=��0�� "9Z7"90/�=0?'��R R^R!RaR^RaR M�K
HFR G Z gh?'/1�0/1;�9L��7"?"$+�!&F �&"5��0�>=��0�� "9�&)(x5��L���+/1�"�G��;O�_S\���+�[���VR R^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M8Y
HFR G=G �P5�7T/1�'-L��&"�>-P&"5��0�>=��0�� "90-C78/1 "9C&F$��85�90���U�0�>-Z7G��9%�%$+=� "�+�>-_R^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M8Y
HFR G Ik�����'-0$#M"$#�#$#�05a&"�a�b���^�^�,-% "9C�Q(x�>-%7G�1=>�a&"�>-C7G��9L���:@��%90�>-Z&)(x/�-0=�$#�#�����%$+/1� R^RaRaR^RaR^R!RaR^RaR M=N
HFR G HkSK/1�Fw';� "9L���%$+/1�b&F 4M8/1 '=��#$+��9Z&"�[�O5��0/.�1=��%$IHh&"�^�<���^�^� RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M=O
HFR G K �P5>-% "�#�L���0-C�>-%�%$#�:5>-Z&"�a�<���^�^�:78/1 "9C�Q(*���";��+�a&"�a�:5������";O�

θ13
R	R^RaR^RaRaR^RaR^R!RaR^RaR Y@Z
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K'R G ��=0?'5��.�.&)(  "�'�^7"���12U '�a&"�a-0=�$#�U�%$#�#�����0�� "9P&"/1���Z�+�>-NMG���'&"�>-C90���>/1$#�O���U�P "�4-%$#;��G��� RaR^R!R^R Y K
K'RJI �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1� $�� &'���'-C�+�a&"5��0�>=��0�� "9Z�+/1$#�U�L��$#� RaR^RaRaR^RaR^R!R^R Y@L
K'RJH �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1� �Z�K�u&'���'-C�+�^&"5��0�>=��0�� "9Z�+/1$#�U�L��$#� R^RaRaR^RaR^R!R^R Y@L
K'R K �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1�<�[�Y�u&'���'-Z�+�^&"5��0�>=��0�� "9Z�+/1$#�U�L��$#��RaR^RaRaR^RaR^R!R^R Y@M
K'RJL �Z5�78/1�'-0�^&"�>-C&"5��0�>=��0�� "90-P78/1 "9C&F$��85�90���U�0�>-Z7G��9%�%$+=� "�+�>-_R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y=Y
K'RJM gq��9%�0�>-P&)(x5��'��9%;�$+�!7G��9N$+/1�"$+-L���%$+/1�<&)(  "�4�� '/1��&'���'-C�+��HJ��9C���Z&'���'-N�+�[78/1�#jF-%� j�90@��'� R!R^R Y@N
K'R Y ��=0?'5��.�.&F 4�:/1�%$IH�&"�^905�7T5��%$#�%$+/1�<&"�>-C7"���12U '�>-C&F �&"5��0�>=��0�� "9C�+/1$#�U�L��$#�<&"�a�b���^�^� R!R^R Y@O
K'RJN f����+�� "9Z$#�"$#�%$����+�!&"�

γ
&)(  "�4�� '/1�<����HJ/1�'=��%$+/1��&"�^���_�+/1�";� '�� "9�&"�a-L�_�%9L�1=>�

stot
RaR^R!R^R N=Z

K'RJO �h=V��9%�[d_���e=>/1 "9%MT�^&"�a�Q(*�XW� '-%�0���:���U�P&"�[���]78��9%�0�^&)(x5��'��9%;�$+�a7G��9Z$+/1�"$+-L���%$+/1� RaR^RaR^R!R^R N=Z
K'R G Z f���9%$����%$+/1�<&"�a���_7G��9%�%$+�a/19%�%?'/19L�1&F$����+��&"�[�Q(x5>2U G���%$+/1��&F 4�:/1 "�O���:���U��&F 6�� '/1�zR R^R!R^R N=H
K'R G=G �Z�������%$+/1�'-P�����%90�^�Q(x�>-07G�1=>�^905>���B���C�Q(x�>-%7G�1=>�!&"�^|P/1 ";�?zRKR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=M
K'R G I �Z�������%$+/1�'-P�����%90�^�Q(x�>-07G�1=>�^905>���B���C�Q(x�>-%7G�1=>�!&"�^|P/1 ";�?����4=>/�/190&"/1�"�'5>�>-P7T/1����$#90�>-VR�R^R!R^R N8Y
K'R G H �
D"���e7"�+�!&"�[�%9L���'-YHJ/19%�.���%$+/1�<&"�!|P/1 ";�?�R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=N
K'R G K g�90/�=>5>&"5a&"�^=>/1�'-%�%9% '=��%$+/1��&"�[78/1$#���0-Z�%9%$+&F$#�:���'-%$+/1�'���+-Pd_7G��9%�%$#9C&"�[78/1$#���0-Z-% "9N�+�>-N7"�����'-

�����Cf R^RaRaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=O
K'R G L ���1-02� '�a��7"7"�#$+2U '5!de=L?G�12� '�aMG���'&"�^�0/1 '=0?'5>�!7T/1 "9Z&"5��0��9%�e$#�'��9�-L�]&"���'-%$#�05 RaR^RaR^R!R^R O=Z
K'R G M �
D"���e7"�+�>-Z&"�a=V���+=� "�m&"�a&"���'-%$#�05^-% "9Z&"�>-CMG���'&"�>-C�0/1 '=0?'5>�>-sRZRaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=Z
K'R G Yk�U78�>=��%90�a&"�>-Z5��O5��'���:���U�0-P-05��+�>=��%$+/1�"�'5>- R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O G
K'R G N �U78�>=��%90�>-Z&"�>-C5��O5��'���:���U�0-[SNS -L5��+�>=��%$+/1�"�'5>-,R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=I
K'R G O g
��9L���:5��%9%$+-L���%$+/1��&"�>-N7G��9L��MT/1�+�>-Z7T/1 "9N���_�%9L���'-%H{/19%�.���%$+/1�b&"�a|P/1 ";�? RaR^RaRaR^RaR^R!R^R O=I
K'RJI=Z g�90/178/19%�%$+/1�<&"�^�%9%$#7"�+���0-P=>/1�'-0��9%�O5>-N78/1 "9Z&F$��)5�90�����0�>-C�����+�� "90-Z&"�[t R^RaR^RaRaR^RaR^R!R^R O�K
K'RJI G ��$+-%�%9%$#M" "�%$+/1�'-�&"�>-C��9%90�� "90-Z-% "9N�+�>-C7T/�-%$#�%$+/1�'-C�%9L���'-%�O��90-L���+�>-Z&F ��O��9%�0�ED R^RaRaR^RaR^R!R^R O=M
K'RJI=I ��9%90�� "9�-% "9N���]78/�-%$#�%$+/1�6�+/1�";�$#�% '&F$#�G���+�ar!&F 6�O��9%�0�ED RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O8Y
K'RJI=H SK/19%905������%$+/1�'-������%90�a78/�-%$#�%$+/1�6�+/1�";�$#�% '&F$#�G���+�_���N�%9L���'-%�O��90-0� RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O8Y
K'RJI�K ��$+-%�%9%$#M" "�%$+/1�<&"�>-Z��9%90�� "90-Z-% "9N�+�>-N����9%$���M"�+�>-Z=�$#�'5��.���%$+2U '�>-VAG�� ��O��9%�0�ED R^RaRaR^RaR^R!R^R O=O
K'RJI=L SK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-nRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=Z
K'RJI=M SK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-nRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z G
K'RJI8YkSK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-Z7T/1 "9Z�Q(*���G���#j�-0�^-0�L���'&'��90&4&"�a�b���^�^� R^R!R^RaR^RaRaR^RaR^R!R^R G Z=I
K'RJI=N SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

�{��9%90�� "90-C90�������%$#�O�>-E�uRaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=I
K'RJI=O SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

�{��9%90�� "90-P��M'-L/1�# '�>-`�,RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=H
K'RJH=Z SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

78/1 "9C�Q(*���G���#j�-L�^-%�L���'&'��90&�&"�^�b���^�^� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z�K
LFR G g�90/1MG��M"$#�#$#�05_&)(x/�-0=�$#�#�����%$+/1��&F 

νµ
���6HJ/1�'=��%$+/1��&"�a-0/1�45��'��9%;�$+� RaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=M

LFRJI �b/VjO���"�'�!&"�>-Z&"���'-%$#�05>-Z���C&"�>-N?G�� "�0�� "90-�&"�^-%$#;��G�� FD678/1 "9N�+�>-N�%90/1$+-C��jU78�>-C&)( $#���0��9L�1=��%$+/1� G Z8Y
LFRJH ��/1�!M"90�!&"�[MG���'&"�>-Z7G��9Z5��O5��'���:������&"�a&"���'-%$#�05>-C-0 "7T5�9%$+�� "90�>-�d K'AWMFA NFA G ZFA G IFA'��� G K R G Z=N
LFR K �b/VjO���"�'�!&F <-%$#;��G���z-% "9N�+�>- Ke7"90���e$+@�90�>-Z7"���12� '�>-6R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=O
LFRJL ��$+-%�%9%$#M" "�%$+/1��&"�>-P5��O5��'���:���U�0-a&'���'-P�Q(x�>-%7G�1=>��&"�>-�����9%$���M"�+�>-[&"�!&"���'-%$#�05_����&"��?G�� "�0�� "9

&"�a-%$#;��G���[RaRaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFRJM ��$+-%�%9%$#M" "�%$+/1�6&"�Z7"90/178/19%�%$+/1�'-\&"�>-K� j�7T�>-K&)(x5��O5��'���:�����0-C&'���'-K�Q(x�>-%7G�1=>��&"�>-K�1��9%$���M"�+�>-\&"�

&"���'-%$#�05a���P&"�[?G�� "�0�� "9P&"�^-%$#;��G��� R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFR Y g� "90���05>-����C�E�.=V�1=�$#�05!&"�^-05��+�>=��%$+/1�<&F 6w'�#�%90� R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G=G
LFRJN �Z5>-L/1�# "�%$+/1��=V���+/19%$#�:5��%9%$+2� '������5��'��9%;�$+�a&"�a&F$��)5�90�����0�>-Z7G��9%�%$+=� "�+�>-PR!R^RaR^RaRaR^RaR^R!R^R G=G H



pm��M"�+�!&"�>-Nw';� "90�>- �V�v�

LFRJO �h9%90�� "9NHJ��$#�0�!���6�'5�;��#$#;O�V�����Z�+�>-P� �8���0-C�� '=��+5V��$#90�>- R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G M
LFR G Z ��$+-%�%9%$#M" "�%$+/1��&"�>-_��9%90�� "90-�90�������%$#�O�>-]-% "9��Q(x5��'��9%;�$+�,&"�>-��'�� "�%9%$#�'/�-]-05��+�>=��%$+/1�"�'5>-VAm7G��9����

90�>=>/1�'-0�%9% '=��%$+/1�<=�$#�'5��.���%$+2U '��R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G N
LFR G=G ��$+-%�%9%$#M" "�%$+/1�<&"�>-C��9%90�� "90-P��M'-0/1�# '�>-P-% "9N�Q(x5��'��9%;�$+�!&"�>- �Z�3� R^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G N
LFR G I ��$+-%�%9%$#M" "�%$+/1�'-N&"�P�Q(x��9%90�� "9C&"�P90�>=>/1�'-%�%9% '=��%$+/1�4&"���Q(x5��'��9%;�$+�[7T/1 "9K�Q(x���'-0���!M"�+�^&"�>-\5��O5��'�E�

�:���U�0-Z-05��+�>=��%$+/1�"�'5>- RaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G O
LFR G H ����7"7T/19%�C&"�[�'/19%�.���#$+-`���%$+/1�<&"�>-Z-07T�>=��%90�>-C-0$#�! "�+5>-Z}B/1$#���L��$#�y��g�90/�=0?'� RaRaR^RaR^R!RaR^RaR G I G
LFR G K �G/19%�.���%$+/1�<&"�>-N9L��7"78/19%�0-Z&"�^-%78�>=��%90�>-C-%$#�� "�+5>-Z���C90�>=>/1�'-0�%9% "$#�0- R^RaR^RaRaR^RaR^R!RaR^RaR G I=H
LFR G L �[5EHJ/19%�.���%$+/1��&)(  "�4$#�U�0��9%�1���#�+�!7G��9C90�>=>/1�'-%�%9% '=��%$+/1� RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I=H
LFR G M �P�������%$+/1�4�����%90��&"5EH{/19%�.���%$+/1�b&)(  "�4M"$#�4���C�Q(x��9%90�� "9Z&"�^90�>=>/1�'-0�%9% '=��%$+/1� RaR^RaR^R!RaR^RaR G I�K
LFR G Y ����7"7T/19%�C&"�>-Z-%7T�>=��%90�>-Z-%$#�! "�+5>-P/�-0=�$#�#�+5s�X�'/1�F� /�-0=�$#�#�+5 RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I=M
LFR G NkSK/1�U�0/1 "90-h&"�N=>/1�Fwy���'=>�C&'���'-
�Q(x�>-%7G�1=>�Z&"�>-
7G��9L���:@��%90�>-

(sin2(2θ),∆m2)
78/1 "9
&"�� FD:���'-

&"�^&"/1�"�'5>�>-NR!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I8Y
LFR G OkSK/1�U�0/1 "90-h&"�N=>/1�Fwy���'=>�C&'���'-
�Q(x�>-%7G�1=>�N&"�>-h7G��9L���:@��%90�>-

(sin2(2θ),∆m2)
78/1 "9

25×10207"90/1�0/1�'-P-% "9C=�$#M"�+� RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I8Y
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G R G S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-C2� G��9%tF- RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR K
G RJI S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-N�+��7"�0/1�'-Z=L?G��9%;O5>- R^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L
G RJH S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-N�'�� "�%9%$#�'/�-�R^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L
G R K S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-Ci\/�-0/1�'-C&)( $#���0��9L�1=��%$+/1�'- R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M
G RJL ��$��)5�90�����0-Z� j�7T�>-C&)(x/1785�9L���0�� "90-C78/�-0-%$#M"�+�>-

ψ̄aOψb
R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G N

IFR G �P5>=V��7"$#�% "�����%$IHh&"�^&F$��85�90���U�0�>-P�EDF7T5�9%$+���'=>�>-Z&"�a&F$+-%7G��9%$#�%$+/1�478/�-0-%$#M"�+�>- RaRaR^RaR^R!RaR^RaR K�Y
HFR G ��/1 "90=>�!&"�>-C=>/1���L���e$#�G���%$+/1�'-[&F �HQ��$+-0=>�V�� ����

νe
���C���

ν̄µ
RaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L8Y

HFRJI �P5>=V��7"$#�% "�����%$IHh&"�>-C=V��9L�1=��05�9%$+-%�%$+2U '�>-Z���Z&F$��)5�90���'=>�>-Z&"�>-C&"�� FD6&"5��0�>=��0�� "90- R^RaR^R!RaR^RaR M=L
LFR G �h�'��9%;�$+�>-Z&"�>-N�%90/1$+-Z7"90���e$+��90-C�.�XDF$#�! "� &)(x/�-L=�$#�#�����%$+/1��&F 

νµ
R!R^RaR^RaRaR^RaR^R!RaR^RaR G Z=M
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gm/1 "9a&"�>-P9L��$+-0/1�'-^&"���#$+-%$#M"$#�#$#�05�AT���.-%$#;��"$IwG=V���%$+/1��&)(  "�'�]��M"905���$����%$+/1��/1 b&)(  "���1=�90/1��j��:�_�z(x�>-%�[-0/1 "�O�����
9L��7"7T���+5>�a2U z(*d]-L�_7"90���e$+@�90�_��7"7G��9%$#�%$+/1�<&'���'-N�+�^�0�EDF�0�^&)(  "��=L?G��7"$#�%90��RGg
��9P��$#�#�+�� "90-VA"7" "$+-02U '�^�'/1 '-N "�%$I�
�#$+-0/1�'-[�0/1 1WY/1 "90-a�Q(*��M"905��U$����%$+/1�����u7"�# '-[ '-0 '���#�+��A8$#�h�>-%��Hv905>2U '�����a2U '�]=>�e-0/1$#�[�+�]�0��9%�:�:���";�����$+-a2� "$�-0/1$#�
���e7"�+/VjO5�Ay�� '2U '���B=V�1-N�'/1 '-Z7"905>-0�����0/1�'-Z "�'�^�%9L�1&F '=��%$+/1�zR
A D �b/�&"@��+�!�U�L���'&'��90&
AT:���� D ����$#�4���1WY�>=��0/19NHJ/19C���� "�%9%$#�'/,��-0=�$#�#�����%$+/1�b���V��90=L?
���
	 $P G���U�% "� ���+�>=��%90/,��jU�G���e$+=
��� &F$��8 '-%$+/1� $P G�1-%$m�����1-%�%$+2U '�
	 :&D �[�>��74���'�����1-%�%$+=���=V���%�0��9%$#�";��{&F$��T '-%$+/1��7"90/�H{/1�'&"���e�:���U�P$#�'5����1-%�%$+2U '�s�
	 � D ��$��8 '-%$+/1���>�O�>=!7"90/U&F '=��%$+/1�<&"�^905>-0/1�G���'=>�
& & SK/1 "9L���U�[S3?G��9%;O5
� & ���� "�%9L���qS3 "9%90���U�_�{=>/1 "9L�����P�'�� "�%90�s�
	�� �[5��0�>=��0�� "9Zgh90/U=L?'�
	 1 �[5��0�>=��0�� "9Z}B/1$#���L��$#�
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�[5>=>/1 "�U9%$#9����67"?�jF-%$+2U '�:&"�>-��'�� "�%9%$#�'/�-VAB=�(x�>-%�_-V(x5��:��9%�O��$#�#�+��9�&"���������_�Q( $#�Fw'�"$#�:�����_78���%$#�����a�Q( $#�Fw'�"$I�
�:������;�9L���'&)RFSK���%�0�N7G��9%�%$+=� "�+��AOM"$+���.$#���05�;�905>��&'���'-h�+�\�:/�&"@��+�Z-%�L���'&'��90&:&"�C���[7"?�jF-%$+2U '�C&"�>-�7G��9%�%$+=� "�+�>-VA
���,�>-%�3�Q(  "�'�Z&"�>-37"�# '-35��"$#;��.���%$+2U '�>-\����&"5EwG�Z�+�>-�7"�# '-�;�9L���'&"-K$#�'-%�%9% "�:���U�0-\&"�C�:�>-% "90��RF����7"�3&"5>=>���"�"$+�>-
&"�690�>=0?'��90=L?'�����.&)(x�EDF7T5�9%$+���'=>�>-.;�9L���'&F$+-0-L���U�0�>-.&"�6�0�>=L?"�'/1�+/1;�$+�>-VA�&)( $#�";O5��"$+/�-%$#�05<���:-% "9%�0/1 "�.&"�6�L��$#�#�+��A
�Xw'��&"�^&"5��0��9%�e$#�'��9C�+�>-N7"90/17"9%$+5��05>-P&"�>-N�'�� "�%9%$#�'/�-VA'/1�U�Nw'�"$z7G��9\HQ��$#90�^&"�^=>���%�0�^7"?�jF-%$+2U '��AF "�'�^M"9L���'=0?'�
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∂
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µ = ∂µ + iqA′
µ.

� G R G IO�
lZw'��&"�e�:/1�U�%90��9!�Q( $#������9%$����'=>��Az�'/1 '-��>�O/1�'-aM8�>-0/1$#��&"�:&"�� FD�905>-% "�#�L���0-!7"905��#$#�e$#�G��$#90�>-VRz����7"90���G���U�!�+�
=>/1�1WY ";� '5a&"�.� G R G ZO�N/1�6�%90/1 "�O�.�

ψ̄′(x) = ψ̄(x)e−iqχ(x).
� G R G HO�

}B�a&"�� FD�$+@��:�a905>-% "�#�L���Z&"���.���'&"�a "�678�� 67"�# '-Z&"�[�%9L�V�1��$#�QAG�.��$+-N�'/1 '-C�+�^&"/1�"�'��90/1�'-P&F$#90�>=��0���:�����]�
D′
µψ

′ = eiqχ (Dµψ) .
� G R G KU�

l 7G��9%�%$#9Z&"�>-\HJ/19%�! "�+�>-_� G R G HO�\����� G R G KU��A"/1���%90/1 "�O�:�
ψ̄′
(

iγµD′
µ − m

)

ψ′ = ψ̄e−iqχeiqχ (iγµDµ − m)ψ

= ψ̄ (iγµDµ − m)ψ,

� G R G LO�
=>��2� "$B�:/1���%90�_M"$+�����Q( $#�U�1��9%$����'=>�_&"� LDirac local

-0/1 '-Z "�'�a�%9L���'-YHJ/19%�.���%$+/1��&"�NW0�� ";O�a�+/�=V���+�
U(1)

R)�P�
90���.��902U '�[5�;����+���:�����C2U '�Z=>���%�0��$#������9%$����'=>�[&"�3W%�� ";O�P�%9L���'-YHJ/19%�:�Z�+��}B��;�9L���";�$+���6�#$#M"90�[���,�# "$)�XW%/1 "�L�����
 "�6�0��9%�:�

LDirac → LDirac local = LDirac + Lint,
� G R G MO�

/�"6�+�a�0��9%�:�!�1&"&F$#�%$+/1�"�'���B���� "�!�
Lint = −qψ̄γµψAµ .

� G R G Y��
�P��90�>=>/1�"�G���+�e����/1�n$+&"�����%$IwG�6���+/190-!�Q(x/1785�9L���0�� "9e=>/1 "9L�����]5��+�>=��%90/1�.��;��'5��%$+2� '�

jµem = qψ̄γµψ
&'���'-��+�

}m��;�9L���";�$+���b2U '�[�Q(x/1�478�� "�Z2� G���#$IwG��9�&)( � � � 	i� � � � � � � R'gq/1 "9P/1M"�0���"$#9Z�+�!}B��;�9L���";�$+���<=>/1�e7"�+���VAG$#�z�'�^90�>-%�0�
2U z(*d_9L�XW%/1 "�0��9C�+�a}B��;�9L���";�$+���b&"���3���";1� ��$#�#�+- � �3���";'A G O=L�K��B&F 4=L?G���e7<5��+�>=��%90/1�.��;��'5��%$+2U '�!�#$#M"90�

Ltotal = ψ̄ (iγµDµ − m)ψ− 1

4
FµνF

µν,
� G R G NO�



}B�]�%?'5>/19%$+�a5��+�>=��%90/�HQ��$#M"�+� �

/�"
Fµν = ∂µAν−∂νAµ

�>-%�m�+���0���'-0�� "9�5��+�>=��%90/1�.��;��'5��%$+2U '��R�� �F�>-%�
/1M"�0���� e���_90��;���90&'�������+�K=>/1�e�! "�L���0�� "9
&"�>-C&"5�9%$#�O5>�>-Z=>/s�1��9%$����U�0�>-��

[Dµ,Dν]ψ = iqFµνψ
� G R G OO�

SK�3&"��9%�"$+��9
7G��9L��;�9L��7"?'�\�'/1 '-��C78��9%�e$+-q&"�3�:���%�%90�K���]5��U$+&"���'=>�K�Q( $#�e78/19%�L���'=>�N���m���Z7"���1=>�32U '�BWY/1 '���U�q�+�>-
�%?'5>/19%$+�>-C&"�3W%�� ";O�>-N&'���'-N�Q( $#�U�0��9L�1=��%$+/1��5��+�>=��%90/1�.��;��'5��%$+2U '��AG=>�[2� "$8�����'/1 '-\7T��9%�:���%�%90�^&)( $#�U�%90/U&F "$#90�^�+�
�:���:�P�:5>=V���"$+-0�:�Z78/1 "93 "��=V�1-KMT�V�� '=>/1 "7u7"�# '-K;O5��'5�9L�����O����=>/1�'-%�%9% '=��%$+/1�6&"�Z���!�%?'5>/19%$+�[5��+�>=��%90/�HJ��$#M"�+��R

�#���p�� �0� ��� � ���}� ���
SU(2) × U(1)

������� � ��� � ������� � ����� �����)�
�^���'-N�+�[=V�1&F90�^&)(  "�'�a-%j��:5��%9%$+��&"�KW0�� ";O�

SU(2)
AF78/1 "�1���U�C&"5>=�9%$#90�[�Q( $#���0��9L�1=��%$+/1��HJ��$#M"�+��A"/1�4/1M"�%$+���U�

&"�>-N905>-% "�#�L���0-P���G���+/1;� '�>-sR'}B�e&F$��)5�90���'=>�!�>-%�C2U '�^=>���%�0�[HJ/1$+-N���_7"?G�1-0�a�>-0�C&"�[���_H{/19%�:�.�

ψ→ ψ′ = ei g
2
τ·α(x)ψ,

� G RJI=ZO�
/�"
τ
�>-0�: "� �O�>=��0�� "9,d��%90/1$+-,=>/1�e7T/�-`�����0�>-u&"/1���.=L?G�12� '�<=>/1�e7T/�-L���U�0���>-%�. "�'�6�.���%9%$+=>�4&"�4g
�� "�#$_�

τi = σi
AB&'���'-_�+�u=V�1-�/�"

ψ
�>-%�� "��&"/1 "M"�+���]&"�

SU(2)
R
α(x)

�>-%�_���67"?G�1-0�,�+/�=V���+�,���]�>-%�_ "�o�O�>=��0�� "9
du�%90/1$+-!=>/1�e78/�-L�����0�>-VAB=>���%�0�]H{/1$+-!=�$QR)���Fw'�zA

g
�>-%�^ "�'�.=>/1�'-%�L�����0�,&"�e=>/1 "7"����;O�.&"/1���!�'/1 '-^�O��9%90/1�'-a���

-%$#;��"$IwG=V���%$+/1��&'���'-!����-% "$#�0��Rz��/1 '-^�O��9%90/1�'-a7"�# '-!�+/1$#�o2� '��A87G��9��EDF���e7"�+��Az=>�.&"/1 "M"�+���!-0��9L�� "�o=>/1 "7"�+�
�'�� "�%9%$#�'/b�V�O�>=,-0/1���+��7"�0/1�n=L?G��9%;O5u�1-L-0/U=�$+5�AB/1 o "��=>/1 "7"�+�u2U G��9%t

u
2� G��9%t

d
Rm}z�:�'/1��M"90�,2U G�����%$+2U '�

�1-0-0/�=�$+5ad]=>���%�0�a-%j��:5��%9%$+�a�>-%�N�Q( � � � ��� � � HJ��$#M"�+�
t
R

�[���'-Z=>���%�0�^�%?'5>/19%$+�!&"�KW0�� ";O�^7G��9%�%$+=� "�#$+@�90��A'���:&"5�9%$#�O5>�a=>/V����9%$������0���>-%�a�
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µ
W
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= ig2 τ · Fµνψ.
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(
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(
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|Vud| |Vus| |Vub|
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0, 9739
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0, 9751 0, 221
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0, 227 0, 0029
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d
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d

0, 043 0, 9990
d
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2
ψ̄uγ

µ 1 − γ5
2
ψd → cos θC

g√
2
ψ̄uγ
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7"905�7G��905_�'��90�>-0�0��9L�:7G�1-[&'���'-^-0/1��5��L���[$#�"$#�%$����QR)�P�b78�� "�[&"5>=>/1�e78/�-0��9 |φa〉
��� |φb〉-0 "9h�+�>-h�O�>=��0�� "90-K&"�C���aMG�1-0�N7"90/17"90�Z&F ,?G���e$#�#�0/1�"$+���zRF�T(*��;�$+-L-L�����\&)(  "�'�C�%9L���'-YHJ/19%�.���%$+/1�u "�"$#�L��$#90��AU=>���%�0�

&"5>=>/1�e78/�-%$#�%$+/1�u-V(x5>=�9%$#��&"�\HQ� �>/1�.�e$#�"$#�.���+�P���:$#���%90/�&F "$+-L�����K "�,���";��+�Z905>���G���h "�'�N7"?G�1-0�P=>/1�e7"�+�EDF�Z2� '�
�'/1 '-C�'/1�0��90/1�'-

θ
���
3
�

|φa〉 = ei3 (cos θ|φ1〉 + sinθ|φ2〉)
|φb〉 = ei3 (− sin θ|φ1〉 + cos θ|φ2〉) .

�P��&"5Ew'�"$#�]�.��$#���0���G���U� |ψ(t)〉 =>/1�e�:��5��L�����e�Q(x5��L���e&F �-%j�-0�0@��:�ud< "�n$#�'-%�L�����
t
&"�,-0/1��5��O/1�# "�%$+/1�zR

SK/1�e�:�!�'/1 '-N�Q(*�>�O/1�'-�&F$#�C7"905>=>5>&"���e�:���U�VAy=>���# "$I� =�$q�>-%�N7"905�7G��905a$#�"$#�%$����+���:���U��&'���'-Z�Q(x5��L��� |φa〉
A'=>�^2U "$

-L�[�%9L�1&F "$#�C7G��9C���]=>/1�'&F$#�%$+/1��$#�"$#�%$����+�,�

|ψ(0)〉 = |φa〉 = ei3 (cos θ|φ1〉 + sin θ|φ2〉) .



��-0=�$#�#�����%$+/1�'-Z&"�^�'�� "�%9%$#�'/�-P&'���'-C�+�[��$+&"� � �
S3?G�1=� "�4&"�>-N5��L���0-\7"90/17"90�>-C5��O/1�# '�a�>�O�>=[ "�'�[7"?G�1-0�[2U "$8�# "$8�>-0�K7"90/17"90�^���\7"90/178/19%�%$+/1�"�'���#�+�!d_-L���1���+�� "9
7"90/17"90��R'lZ$#�'-0$QA"�Q(*�1=��%$+/1��&"�^�Q(x/1785�9L���0�� "9Z&)(x5��O/1�# "�%$+/1� U -0 "9C�+�>-N�O�>=��0�� "90-C7"90/17"90�>-P�>-%�N���]-% "$#�������0�:�

U|φ1〉 = e−iE1t/~|φ1〉
U|φ2〉 = e−iE2t/~|φ2〉

�P�����4&"5>&F "$#�Z�Q(x5��O/1�# "�%$+/1�b&"� |ψ(t)〉 �

|ψ(t)〉 = U|ψ(0)〉 = ei3
(

cos θe−iE1t/~|φ1〉 + sin θe−iE2t/~|φ2〉
)

.

�P/1 '-K�>�O/1�'-K5��O/U2U '5N�+�\HQ��$#��2U '�C-%$'�Q(x5��L���h�z(x�>-0��7G�1-h$#�"$#�%$����+���:���U�K&'���'-� "�,5��L���h7"90/17"90�P&F :?G���e$#�#�0/1�"$+���zA
$#�\5��O/1�# '��9L�o�� �=>/1 "90-.&F n�0���e7'-e���:=L?G���";O��9L��&)(x5��L���VR��
DF7"9%$#�:/1�'-.���+/190-]�Q(*���e7"�#$#�% '&"�4&"��7"90/1MG��M"$#�#$#�05
2� z(  "��5��L���Z$#�"$#�%$����+���:�����Z7"905�7G��905���� |φa〉

-L/1$#�C/1M'-0��9%�O5�AG��7"90@>-C "�6�0���e7'-
t
A"��� |φb〉

�

〈φb|ψ(t)〉 = ei3
(

cos θe−iE1t/~〈φb|φ1〉 + sin θe−iE2t/~〈φb|φ2〉
)

= − sin θ cos θ
(

e−iE1t/~ − e−iE2t/~

)

lZ$#�'-%$QAF���e7"90/1MG��M"$#�#$#�05 Pab(t)
�1-0-L/U=�$+5>�ad]=>���%�0�!���e7"�#$#�% '&"�!�1�� "�a�

Pab(t) = |〈φb|ψ(t)〉|2

=
1

2
sin2 2θ

[

1 − cos

(

E1 − E2

~
t

)]

= sin2 2θ sin2

(

E1 − E2

2~
t

)

.

�P�u�O/1$#�N��7"7G��9L���+�%90�[ "���0��9%�:�[/�-0=�$#�#�������N&"5�78���'&'�����C&F u�0���e7'-VAF2� "$T7T��9%�:���C�� �-%jF-%�0@��:�Z7"905�7G��905[&'���'-
 "��5��L���C�'/1�n~E7"90/17"90�O~1Ay&)(*�>�O/1$#9P "�'�^7"90/1MG��M"$#�#$#�05!�'/1���� "�#�+�!&)(x���%90��/1M'-0��9%�O5a&'���'-P-0/1�45��L���P/19%�%?'/1;O/1�G���
�� b=>/1 "90-�&"��-L/1�<5��O/1�# "�%$+/1��&'���'-��+�a�0���e7'-VRT}z�!Hv905>2U '���'=>��&"��=>���%�0��/�-L=�$#�#�����%$+/1���>-0�Z7"90/178/19%�%$+/1�"�'���#�+�]d
���a&F$��)5�90���'=>�P&"�>-��1���+�� "90-37"90/17"90�>-\&F .?G���e$#�#�0/1�"$+���zA����3-0/1�����e7"�#$#�% '&"��A

sin2 2θ
A�&"5�78���'&.&"�P=>�Z2U '�C�Q(x/1�

��7"7T���#�+�P�Q(*���";��+�[&"�C�:5������";O�
θ
RF�P�,90���.��902U '�[2� '�P=>���%�0�����e7"�#$#�% '&"�[�>-%�K�.�XDF$#�.���+�_�{���K�1�� "� G �
�+/190-L2� '�

θ = π
4

R

�p���p��� �A��� �}�O�L� �L�����L��� ���!� �
�)����� �L� � ��� � �p����� �����p��� � ��� ����� � � �)����� 	
}h( $+&"5>�e&)(x/�-0=�$#�#�����%$+/1��&"�_�'�� "�%9%$#�'/�-[H{ "�[7T/1 "9[���,7"90���e$+@�90�_H{/1$+-[5��O/�2� '5_7G��9^gq/1���0�>=>/19%�O/����bHQ��$+-L�����

�Q(*���G���+/1;�$+�,�>�O�>=:�+�e-%j�-0�0@��:�e/�-0=�$#�#�������!&"�>-at1�1/1�'-^�'�� "�%90�>-sA)7G��9^���12� '���#�+�:�+�]�'�� "�%9%$#�'/�/�-0=�$#�#�+��9L��$#�!���� "�
�����%$#�'�� "�%9%$#�'/����z$#���O��90-0���:���U�VRX��/1 '-z-L�V�O/1�'-z�.��$#�U�0���G������2� '��=>�h�z(x�>-%�z7G�1-) "�aM8/1�a�:/�&"@��+�h&)(x/�-0=�$#�#�����%$+/1�zA
�.��$+-�2� z( $#�F-V(*��;�$#��&)(x/�-0=�$#�#�����%$+/1�e&"�\-L�>�O�� "9VROSK/1�'-%$+&"5�90/1�'-� "�]-%jF-%�0@��:�K2� G���U�%$+2� '�N&"/1�U�q�Q(x�>-07G�1=>�K&"�>-
5��L���0-
�>-%�h&"�N&F$#�:���'-%$+/1�.�%90/1$+-sR��P/1 '-����#�+/1�'-h�%9L�>����$#�#�+��93&F$#90�>=��0���:�����K-% "9h�Q(x�ED"���e7"�+�C&"�>-��'�� "�%9%$#�'/�-32� "$'�EDF$+-%�0�����
���u�%90/1$+-N-`�>�O�� "90-C���KHJ/19%�:�����N�%90/1$+-N5��L���0-N2U G�����%$+2U '�>-C2� '���Q(x/1������=>/1�'-0$+&"5�90��9C/19%�%?'/1;O/1�G�� FD�� |νe〉 A |νµ〉 A��� |ντ〉 R'l	=>�!-%�L�1&"��A"�'/1 '-Z���#�+/1�'-CHJ��$#90�[�%90/1$+-Z?�j�7T/1�%?'@>-0�>-!�

�

�+�>-N�%90/1$+-C5��L���0- |νe〉 A |νµ〉 A'��� |ντ〉 �'�[HJ/19%�:�����C7G�1-Z "�'�[MG�1-0�^7"90/17"90�a&F 4?G���e$#�#�0/1�"$+��� 

�

�+�>-N�O�>=��0�� "90-Z7"90/17"90�>-Z&F 4?G���e$#�#�0/1�"$+���<�'/1�05>- |ν1〉 A |ν2〉 A"��� |ν3〉 A'-0/1�U�N�.�1-0-%$IHJ- 

�

�+�>-N�����+�� "90-N7"90/17"90�>-P�1-L-0/U=�$+5>�>-
E1
A
E2
A"���

E3
�'�a-0/1���N7G�1-Z�0/1 "�0�>-N�+�>-N�%90/1$+-P&"5�;O5��'5�905>�>-VR



� � � � 	 ����� 	 � � � 	����
� 
 � � ��	�� � 	�� � � � � � ��	��� � 	�� � � 	 � � � � � ��	
� � �

}B�>-P&"�� FD47"90���e$+��90-�78/1$#���0-��'/1 '-Z78��9%�:���%�0�����^&)(x5>=�9%$#90���+�>-P5��L���0-�&"�!-`�>�O�� "90- |νl〉l={e, µ, τ}
=>/1�e�:�! "�'�

&"5>=>/1�e78/�-%$#�%$+/1�b���45��L���0-C7"90/17"90�>-C&F 4?G���e$#�#�0/1�"$+���n�

|νl〉 =
∑

i=1,2,3

Uli|νi〉.
� IFR G �

}B�>-K=>/��E�.=�$+�����0-
Uli

HJ/19%�:�����\ "�'�P�.���%9%$+=>�
n×n

�J�>�O�>=
n = 3

&'���'-K�'/1�%90�P=V�1-E�h&)(x5��+5��:���U�0-C=>/1�e7"�+�EDF�>-sR




νe
νµ
ντ



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3









ν1
ν2
ν3





�P�'�:�0���#�+�.�.���%9%$+=>�,�>-0�!7G��9L���:5��%905>�,7G��9
2n2 �'/1�!M"90�>-_905>���+-VRqSK/1�e�:�,$#�3-s(*��;�$#��&)(  "��=L?G���";O���:�����:&"�MG�1-L��A

U
&"/1$#�
���%90�� "�"$#�L��$#90��A1=�(x�>-%�Y��dX� &F$#90�\2U '�

U†U =
�8R�SK���%�0�3=>/1�U�%9L��$#���0�N78��9%�:���q&"�3905>&F "$#90�K�+���'/1��M"90�

&"�,7G��9L���:@��%90�>-]905>���+-_&"�.�:/1$#�%$+5��
n2 �ERB}B�>- 2n − 1

7"?G�1-0�>-�90�������%$#�O�>-e&"�>-
2n

�'�� "�%9%$#�'/�-]7T�� "�O���U�e���%90�
90�>&"5Ew'�"$+�>-P&"�^�.���"$+@�90�!d]�'�[����$+-L-0��9C2� '�

(n − 1)2
7G��9L���:@��%90�>-C905>���+-Z$#�'&"5�7T���'&'���U�0-VR

�P��=0?'/1$IDn&"�,7G��9L���:5��%9%$+-L���%$+/1� �>-%�]&"�u&"5Ew'�"$#9
Cn

2 = 1
2n(n − 1)

&)(x�����%90���� FD�=>/1�e�:�6&"�>-e���";��+�>-]&"�
�:5������";O�^���N�+�>- 1

2 (n− 1)(n − 2)
90�>-0�L�����0-VA"=>/1�e�:�^&"�>-\7"?G�1-0�>-N&"�[��$+/1�����%$+/1�4&"�aSKgmR"��/1 '-C���#�+/1�'-C&"/1�'=

�EDF7"9%$#�:��9_�'/1�%90�.�.���%9%$+=>�u=>/1�e�:�u "�o7"90/�&F "$#�_&"� 1
2n(n − 1)

�.���%9%$+=>�>-]&"�.90/1�L���%$+/1� Oij
�J�>�O�>=

i < j
�

�1-L-0/U=�$+5>�>-a�� FD����";��+�>-^&"�]�:5������";O�
θij
AT���a&"� 1

2 (n − 1)(n − 2)
7"?G�1-L�>-^&"����$+/1�����%$+/1�o&"�:SKg	�1-0-L/U=�$+5>�>-

db�0/1 "�0�>-:�+�>-]�.���%9%$+=>�>-.&"��90/1�L���%$+/1�'- Oij
�0���+-e2� '�

(j − i) ≥ 2
R�SK�uH{/19%�.���#$+-%�:�<�b�Q(*�>�������L��;O�4&)(x���%90�

;O5��'5�9L���#$+-`��M"�+�a78/1 "9N�0/1 "�C�'/1�!M"90��&"�a&F$#�:���'-%$+/1�'-VR
gq/1 "9]����90���O���"$#9]d6�'/�-a�%90/1$+-_&F$#�:���'-%$+/1�'-�&F n-0�>=��0�� "9!&"�>-��'�� "�%9%$#�'/�-VAz$#�K�ED�$+-0�0�:&"/1�'=:�%90/1$+-_���";��+�>-�&"�
�:5������";O�

θ12
A
θ23

AG���
θ13

AG��$#�'-%$q2� z(  "�'�!7"?G�1-0�!&"�!�U$+/1�����%$+/1��&"�_SKg  "�"$+2U '��A
δ
AG�1-0-0/�=�$+5>��d]���:�.���%9%$+=>�

O13
RU}�( $#���%90/�&F '=��%$+/1��&F ,�0��9%�:�aSKg�-0�ZHQ��$#�K&"�����!�:���:�P�.���"$+@�90�[2U '��7T/1 "9K�+�P-L�>=��0�� "9\&"�>-\2U G��9%t�-sRF�P�

=L?'/1$+-%$#�P���+/190-P&"��HJ��$#90�^���_�%9L���'-%H{/19%�.���%$+/1�b-% "$#�1���U�0�:�

O′
13 = P†

δO13Pδ,

/�"
Pδ =

&F$���;
(eiδ, 1, 1)

R �q$#�G���+���:�����VAy���_�.���%9%$+=>�
U = O12O′

13O23
�� "9L�]���_HJ/19%�:�^-% "$#�������0�:�

U =





cos θ12 sin θ12 0
− sinθ12 cos θ12 0

0 0 1









cos θ13 0 sinθ13e
−iδ

0 1 0

− sinθ13e
iδ 0 cos θ13









1 0 0
0 cos θ23 sin θ23
0 − sinθ23 cos θ23





SK���%�0�,�.���%9%$+=>�,7T/19%�0�.�+�:�'/1� &"�:�.���%9%$+=>�u�<�^��g	78/1 "9,�m�b��t�$QAB�[��t���;��>�K�FAh�F��t����L�4���_gm/1�U�0�>=>/19%�O/"R
�h�#�+�a-V(x5>=�9%$#�Z-0/1 "�O���U�Z-0/1 '-C-`��H{/19%�:�a&"5��O���+/17"785>�:�

UMNSP =





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12c23 − c12s23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13





/�"
cij = cos θij

���
sij = sin θij

R1���"�>-%�h=>��7T���'&'���U�h "�:=V�1-
7G��9%�%$+=� "�#$+��9Kd�=>/1�'-%$+&"5�90��9VA�2� "$'=>/190-0�K�+�>-h=L?'/�-0�>-VR
�^���'-[�+�e=V�1-^/�"��+�>-a=L?G���e7'-a-0/1���a&"�e���XW%/19L���G�FA)=�(x�>-%�Y��dX� &F$#90�e/�"��+�_�'�� "�%9%$#�'/4���[�Q(*�����%$I�Q�'�� "�%9%$#�'/b-0/1���
$+&"���U�%$+2� '�>-sA'&"�>-N=>/1���%9L��$#�U�0�>-P-% "9N�+�>-\7"?G�1-L�>-C&"�>-N=0?G���e7'-P&"�[�'�� "�%9%$#�'/�-Z�XWY/1 "�0���U�Z&"�� FD�7"?G�1-0�>-C-% "7"7"�+5E�
�:���U�L��$#90�>-[2� '�^�Q(x/1����7"7T���#�+�!7"?G�1-0�>-Z&"���b�XW%/19L���G�FRGlP$#�'-%$QA'&'���'-�=>�>-Z=>/1�'&F$#�%$+/1�'-�$#�)HQ�� '&F9L��$#�Z�� "�#�%$#7"�#$+��9
���_�.���%9%$+=>�^�b�^��g�7G��9C&F$���;

(1, eiα, eiβ)
R"� �)�>-%�Zd�90���.��902U '��9Z2� '���+�>-N7"?G�1-L�>-N&"�^�b�XW%/19L���G�_�'�[7T�� "�O���U�

7G�1-Z���%90�^�:�>-% "905>�>-C7G��9C&"�>-P�ED�785�9%$+���'=>�>-C&)(x/�-0=�$#�#�����%$+/1��� �xgm���0=>/s�TAEI=Z=Z�K � R
� & ¢q¸�¢q¯�¹�¨�¯n¤�.+¡´¨ ¦�¢«± +$¢«¦�± +$¢D¹$¢(¹$³mª (�¡°¢D¹�ºq£ ®°¯`¤�ºqµm¦�¨F¤�®´³m¯

β
£�¨�¯�£5¯�¢«ª$¤ ¦�®°¯�³N¸�¢«¦�§D¢«¤5¹�¢�¡°¢q£L¹$º²¤�¢«¦�§D®°¯�¢«¦5³mª�¹^ ¢«¯?§D¢«¤ ¤ ¦�¢ª�¯�¢A¡´®°§D®·¤�¢i¾



��-0=�$#�#�����%$+/1�'-Z&"�^�'�� "�%9%$#�'/�-P&'���'-C�+�[��$+&"� � �
�b��$#�U�0���G�����Z2U '�Z�����.���%9%$+=>�[&"���:5������";O�[�>-%�N�ED�7"�#$+=�$#�05>��A�90���O���'/1�'-Cd����^HJ/19%�! "�+�:� IFR G �32U "$y�'/1 '-N&"/1�"�'�
���!7"90/�W%�>=��%$+/1��&"�>-N5��L���0-N&"�^-L�V�O�� "9C-% "9\�+�>-N5��L���0-\7"90/17"90�>-C&F �?G���e$#�#�0/1�"$+���zRT�P�6-V(*���%�0���'&)A"=>/1�e�:�^&'���'-
�+�!=V�1-Z&"�a���:-0�>=��%$+/1� IFRJIFR G &"�>-Z-0j�-%�0@��:�>-�de&"�� FD4�"$#�O�V�� FD)Ayde=>��2� z(  "�<�'�� "�%9%$#�'/.=�905>5�d:�Q(x/19%$#;�$#�'�!&'���'-
 "� 5��L���.&"�<-L�>�O�� "9u&"/1�"�'5�A�5��O/1�# '�����  "� �'�� "�%9%$#�'/n&)(  "�'��-L�V�O�� "9,&F$��)5�90�����0��RKgm/1 "9�=>�����FA�=V���+=� "�+/1�'-
�Q(*���e7"�#$#�% '&"��&"�^7"90/1MG��M"$#�#$#�05 All′(t)

2� z(  "�4�'�� "�%9%$#�'/,&"�a-L�V�O�� "9
l
-0/1$#�P&"5��0�>=��05!=>/1�e�:�a "���'�� "�%9%$#�'/.&"�
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(
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√
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∑
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t
�

Pab(t) =
1

2
sin2 2θm

[

1 − cos

(

E+ − E−
~

t

)]

= sin2 2θm sin2

(

E+ − E−
2~

t

)

}�(x5>2� G���%$+/1��� IFR G KU�K7T��9%�:���P&)(x�ED�7"9%$#�:��9C���:&F$��85�90���'=>�a&)(x5��'��9%;�$+�>-Z7"90/17"90�>-
E− − E+

�

E+ − E− =
√

(E1 − E2)2 + 4|V12|2
� IFRJI G �

�h�4905�$#���%90/�&F "$+-L�����P�+�>-N78/1�0�����%$+���+-
V11

���
V22

A'/1�6�%9L���'-YHJ/19%�:�a-%jF-%�05��.���%$+2U '���:�������

(E1 − E2) → (E1 − E2) + (V11 − V22).

g
��9a-0/1 '=�$+-^&"�_�#$+-%$#M"$#�#$#�05_�'/1 '-[�'�_�+�>-[$#���%90/�&F "$#90/1�'-^�0/1 1W%/1 "90-[7G�1-VAT�.��$+-[�'/1 '-[�'/1 '-�����-0��9%��$#90/1�'-^&'���'-
����-L�>=��%$+/1��-% "$#�1���U�0��Rz�
DF7"9%$#�:/1�'-^�.��$#���0���G���U�

sin2 2θm
����HJ/1�'=��%$+/1��&"�

E1
A
E2
A
V12

���
θ
;�9��1=>�:du���
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sin2 2θm =
(

sin 2θ cos 2θ′ + sin 2θ′ cos 2θ
)2

= cos2 2θ cos2 2θ′
(

tan 2θ+ tan 2θ′
)2

=
(tan 2θ+ tan 2θ′)2

(1 + tan2 2θ) (1 + tan2 2θ′)

=

(

tan 2θ+ 2|V12|2
E1−E2

)2

(1 + tan2 2θ)

(

1 +
(

2|V12|2
E1−E2

)2
)

= sin2 2θ

(

1 + 2|V12|2
tan 2θ(E1−E2)

)2

(

1 +
(

2|V12|2
E1−E2

)2
)
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V12 = 0

AF�+�
sin2 2θm

�>-0�C5�;����m�� 
sin2 2θ

R
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νe + e− → e− + νe
Ay7T/�-0-0$#M"�+�! "�"$+2U '���:�����[78/1 "9��+�

νe
R8SK���%�0�

$#���0��9L�1=��%$+/1��;O5��'@�90�_ "�<78/1�0�����%$+����� �)�>=��%$IH32U '�!�'/1 '-��'/1�0��90/1�'-
VW

RTpB/1 '-��+�>-��'�� "�%9%$#�'/�-]�vj<=>/1�e7"9%$+-P�+�
νe
�EAO$#�'&"5�7T���'&'���e�:���U�K&"�N�+�� "93-L�>�O�� "9VA�78�� "�O�����3$#���0��9L��;�$#9\�>�O�>=C���^�.���%$+@�90�C&"�C=>/1�e78/�-%$#�%$+/1�.&"�N���[�0��9%90�

�v?G�1&F90/1�'-����_5��+�>=��%90/1�'-`�^7G��9��Q( $#���0��9%�:5>&F$���$#90��&)(  "�oM8/�-0/1�n&"�[W%�� ";O�
Z0 RqSK���%�0�.$#���0��9L�1=��%$+/1��=>/1�e�! "�'�

;O5��'@�90�\ "�_78/1�0�����%$+���y� �8�>=��%$IH82� '�K�'/1 '-
�'/1�0��90/1�'-
VZ
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Hmat





νe
νµ
ντ



 =





VZ + VW 0 0
0 VZ 0
0 0 VZ









νe
νµ
ντ
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Hmat → H12
mat =

(

cos θ − sin θ
sin θ cos θ

)(

VZ + VW 0
0 VZ

)(

cos θ sin θ
− sin θ cos θ

)

= VZ

(

1 0
0 1

)

+ VW

(

cos2 θ sin θ cos θ
sin θ cos θ sin2 θ

)

�P���O/1$#��2U '�e�+�e�0��9%�:�u&"5�7T���'&'���U�_&"�
VZ

�>-%�a7"90/178/19%�%$+/1�"�'���Nd6�����.���%9%$+=>�, "�"$#�05�Rq�P9_/1�n���� o&'���'-
���u-0�>=��%$+/1��7"905>=>5>&"���U�0�:2� '�_�+�>-�7"90/1MG��M"$#�#$#�05>-a&"�_�%9L���'-%$#�%$+/1��&"5�78���'&"�����!&"�_���u&F$��)5�90���'=>�_&"�>-^5��+5��:���U�0-
&F$���;O/1�G�� FD)A�=>�\2� "$"-%$#;��"$IwG�\2U '�K�+�3�0��9%�:�N=>/1�e�� "�:���

VZ
&F$+-07G��9L��$#�h&'���'-�=>���%�0�\7"90/1MG��M"$#�#$#�05�R�}h(*���G���+/1;�$+�

�V�O�>=�����-L�>=��%$+/1�u7"905>=>5>&"���U�0�a&"/1�"�'�^���+/190-VA�7T/1 "9\ "�'�^��7"7"90/>DF$#�.���%$+/1�<d�&"�� FD.HQ���e$#�#�+�>-\&"�P�'�� "�%9%$#�'/�-!���+�
78/1�0�����%$+���

V12 = VW sin θ cos θ
A
V11 = VW cos2 θ

���
V22 = VW sin2 θ

Ry���<7"90���G���U�[ "�b=V�1-^d:&"�� FD
HQ���e$#�#�+�>-

(νe, νµ)
&"/1���_�+�>-�5��L���0-�7"90/17"90�>-]&"�.�.�1-0-L�.-0/1�U�

(ν1, ν2)
Am�+�>-�7G��9L���:@��%90�>-_&)(x/�-L=�$#�#�����%$+/1��-L/1���

�:/�&F$IwG5>-K&)(*��7"90@>-3�+�>-3905>-% "�#�L���0-\&"�P���a-0�>=��%$+/1�u7"905>=>�>&"�����0�e�{5>2U G���%$+/1�'-[� IFRJI G �����^� IFRJI=IO��R�gq/1 "9N=>�Z2U "$y�>-%�
&F 
∆m2 � �8�>=��%$IH%AF$#�B-0�[90���%90/1 "�O�a&'���'-Z�Q(x�ED�7"90�>-L-%$+/1�4&F ∆E &"�[�Q(x5>2U G���%$+/1�n� IFRJI G �[�

(E+ − E−) =
∆m2

mat

2E

=

√

(

E1 − E2 + VW(cos2 θ− sin2 θ)
)2

+ 4V2
W cos2 θ sin2 θ

=

√

(

∆m2

2E
− VW cos(2θ)

)2

+ V2
W sin2(2θ)

=
1

2E

√

(∆m2 cos(2θ) − 2EVW)2 + (∆m2)2 sin2(2θ)

=
∆m2

2E

√

(

cos(2θ) − 2EVW

∆m2

)2

+ sin2(2θ)

� IFRJI�KU�

�P��7T�� "�C�EDF7"�#$+=�$#�0��9C�+�^78/1�0�����%$+���B� �)�>=��%$IHh=>/1�e�:� ���y "M8��9VAWI=Z=Z�K����
VW =

√
2GFne

� IFRJI=LO�
�h�4�'/1�L�����

A = 2
√

2EGFne
A"/1�4�%90/1 "�O��AG�>�O�>=!�Q(x5>2� G���%$+/1�n� IFRJI�KU�[�

∆m2
mat = ∆m2

√

(

cos(2θ) − A

∆m2

)2

+ sin2(2θ)
� IFRJI=MO�

�P���%90/1 "�O��A'&"�[�:���:��A'�Q(*���";��+�a&"�a�:5������";O�a� �8�>=��%$IHN�

sin2(2θmat) =
sin2(2θ)

(

cos(2θ) − A
∆m2

)2
+ sin2(2θ)

� IFRJI8Y��

�P���O/1$#�VA"&'���'-C�Q(x5>2U G���%$+/1��� IFRJI8Y���A"���_7"905>-0���'=>�!&)(  "�'�^905>-0/1�G���'=>�a�+/190-L2� '�[���_90�������%$+/1�n�
2
√

2EGFne = ∆m2 cos(2θ)
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sin2(2θ)
A'=�(x�>-%�Zde&F$#90�^&F$#�e$#�U '5>��R
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E1 0 0
0 E2 0
0 0 E3



+ U†
MNSP





VW 0 0
0 0 0
0 0 0



UMNSP
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νe ↔ νµ
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�](*��7"90@>-P�+�>-��EDF7T5�9%$+���'=>�>-�&)(x/�-0=�$#�#�����%$+/1��&"�a�'�� "�%9%$#�'/�-^�EDF$+-%�L�����0�>-�����7G�1-0-05>�>-VAG�'/1 '-��V�O/1�'-�&"5�W0de "�'�
$+&"5>�_&"�>-^&"/1�.��$#�'�>-^&"�

L/E
d.90��;���90&"��9VR)����� �)���VAy���u=>/1��M"$#�G��$+-0/1��&"�>-[905>-% "�#�L���0-^&"�]=>�>-[�ED�785�9%$+���'=>�>-

7T��9%�:���4&)(*�V�O/1$#96 "� /190&F90��&"�b;�9L���'&"�� "94�����+�>-������+�� "90-4��7"7"90/>DF$#�.���%$#�O�>-�&"�>-u7G��9L���:@��%90�>-�&)(x/�-0=�$#�#���X�
�%$+/1�zR�}�(*���G���#j�-0��=>/1�!M"$#�'5>�^&"�^���^� �xlP?G��9%�e$#� ���P���QR#AWI=Z=Z=L � A��a���e�����'& �xlP9L��tU$z���Z���QR#AWI=Z=Z=L �)��$#�'-%$82U '�
&"�o�0/1 "�0�>-��+�>-��EDF7T5�9%$+���'=>�>-�&"���'�� "�%9%$#�'/�-�-0/1����$#90�>-�&"/1�"�'������ "� =>/1�e7T/19%�0���:���U��&)(x/�-0=�$#�#�����%$+/1� �>�O�>=
∆m2

12 ' 8 × 10−5 ���
sin2 2θ12 ' 0, 86

Rh�[�u7"�# '-VAh�U "7T��9Y� �a���e$+/1t����'&"�4��� � I � �xlZ�#$# <���Z���QR#AWI=Z=Z=L �
&"/1�"�'�����

∆m2
23 ' 2, 5 × 10−3 ��� sin2 2θ23 ' 1

Rm���Fw'�zAB78/1 "9!�+�,&"��9%�"$+��9]���";��+�u&"�:�:5������";O�,�Q(x�EDF7T5E�
9%$+���'=>�^S3?'/�/1r[&"/1�"�'�Z���!�:��$#�#�+�� "90���#$#�e$#�0���1=��% '���#�+�[=V��9N�� '=� "�'�P/�-0=�$#�#�����%$+/1�6&"�

sin2 2θ13 > 0, 18
�z(*��5��05

&"5��0�>=��05>��RGSK�>-\905>-% "�#�L���0-VA"�� '-0-%$T7T�� �7"905>=�$+-N-0/1$+���U�Y�Q$#�+-VA"&"/1�"�'�����N "�'��$#�FHJ/19%�.���%$+/1�67"9%$#�:/190&F$����+�^78/1 "9K�+�>-
�:�>-% "90�>-
&)(x/�-0=�$#�#�����%$+/1�'-h�1=��% '���#�+�>-
���BH{ "�% "90�>-VR�� �+-m7T��9%�:���%�0���U�h&)(x/17"�%$#�e$+-0��9q�+�>-q&F$��)5�90�����0-
7G��9L���:@��%90�>-�&"�>-
�ED�785�9%$+���'=>�>-\�:���%�L�����Z���65���$+&"���'=>�[�+�>-\/�-0=�$#�#�����%$+/1�'-VR"lP$#�'-%$87T�� "�Y� /1�_W%/1 '��9\-0 "9K�Q(x5��'��9%;�$+��A'����&F$+-0�L���'=>��&"�
7G��90=>/1 "90-C���N�+��� j�7T�[&"�[�'�� "�%9%$#�'/�-C5��% '&F$+5>-VR"����$+-K7"9%$#�'=�$#7G���+���:�����VAy�0/1 "�0�>-\�+�>-N�ED�785�9%$+���'=>�>-C&"���:�>-% "90�>-
&)(x/�-0=�$#�#�����%$+/1�'-Z-0�[&F$#��$+-0�����C���4&"�� FD6=V���05�;O/19%$+�>-!���+�>-N�:�>-0 "90�>-\7G��9C&F$+-%7G��9%$#�%$+/1�����C=>���#�+�>-N7G��9Z��7"7G��9%$#�%$+/1�
&)(  "�'�a-L�>�O�� "9VR

�p���L��� �����}���^��������� ����� ���=� � ��� ���
}B�b�:�>-% "90��7G��9e&F$+-%7G��9%$#�%$+/1� =>/1�'-%$+-0�0�4d��'�u90��;���90&"��9.2U z(  "�'��-0�� "�+�6-L�V�O�� "9:&"�,�'�� "�%9%$#�'/"A����]&)(x���

/1M'-0��9%�O��9a���u����9%$����%$+/1��&"� �' FD��� �=>/1 "90-a&"�.-L�,7"90/17G��;����%$+/1�zRqSK���#�+�E� =�$��>-%�!���+/190-a7"90/17T/19%�%$+/1�"�'���#�+�.du���
� � ³iª�¦A¹$¨P¶i¨�¯n¤�¨�µi¢L¹^ ®°¯ / ³m¦�§0¨F¤�®°³i¯ .$£ ¢p¦�º
/ º«¦�¢«¦A¥�¡~ ³iª�¶`¦�¨�µi¢L£ ª�®°¶m¨m¯`¤ ��� ��ª (�¢«¦�.��
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� � �

7"90/1MG��M"$#�#$#�05�2� z(  "���'�� "�%9%$#�'/:&)(  "�'�a-L�V�O�� "9Z&"/1�"�'5>�!-0/1$#�C&"5��0�>=��05!&'���'-Z-L�]-L�V�O�� "9Z&)(x/19%$#;�$#�'�.�

Pll(L) = 1 − 4
∑

j<k

|Ulj|2|Ulk|2 sin2

(

∆m2
jk

L

4E

)

Pll(L) = 1 − 4|Ul1|2|Ul2|2 sin2

(

∆m2
12

L

4E

)

− 4|Ul1|2|Ul3|2 sin2

(

∆m2
13

L

4E

)

− 4|Ul2|2|Ul3|2 sin2

(

∆m2
23

L

4E

)

�U "9^���,w';� "90��IFRJIFA)/1��7T�� "�^�O/1$#9^�+�>-^7"90/1MG��M"$#�#$#�05>- Pee
��� Pµµ ����HJ/1�'=��%$+/1�o&F �9L��7"78/19%� L/E

A)���^78/1 "9
&F$��)5�90�����0�>-_�����+�� "90-!&"�

sin2 2θ13
���_�V�O�>=.�+�>-!�:��$#�#�+�� "90-]�XWY '-%�0���:���U�0-_�1=��% '���+-e�� FD��ED�785�9%$+���'=>�>-VAB7T/1 "9

�+�>-P�� "�%90�>-C7G��9L���:@��%90�>-VR

Q�RTS�U �=U��=Y��¬gFz�]�\+]`jw_ jvhXo d}a�emcng � j~a d}aFe5s'a`c^hkg«jws z`e
νe
a h
νµ 	 � � aqs+ePaqr]`_~a�d}aPe�lFz}cng ]�aPe�z`s'hGo`hXo�hTgq\�lPomaPe�aqslPz`s+e²jkd}oPgq\ns h[_~aFe �P\n_~a`cngqeGemcnj �P\ns hXaPe�d}aFe�f�\`gP\`r:| hTgPaFe5d�� z`e�l²j _w_~\�hTj~z`s	�}_~aFe�fW_Tc�e �k\ �`z g«j ePoPe�f�\`gp_~aFepa ��f=oPg²jbaqsWlFaPe\}lih�c�aP_w_baPe d�� z`e�l²j _w_~\�hTj~z`s��

sin2 2θ12 = 0, 86
�
∆m2

12 = 8 × 10−5
�
sin2 2θ23 = 1

�
∆m2

23 = 2, 5 × 10−3 	��j �[oqgFaqs hXaFe��F\`_ba cngqe�d}a
sin2 2θ13

z`s h¬o`hXopf g«j eqaFe
�U "9�=>���%�0�:�:���:�ew';� "90�,/1��78�� "�!�O/1$#9a�+�>-�&F$��85�90���U�0�>-!rV/1�'�>-_2� '�.-0=�9% "�0�������+�>-!&F$��)5�90�����0-�� j�7T�>-�&)(x�EDU�
785�9%$+���'=>�>-e&"�u�:�>-% "90��&)(x/�-0=�$#�#�����%$+/1�zR�}z�u7"9%$#�'=�$#78�u&"�u�:�>-% "90��=>/1�'-%$+-0�0�udb=>/1�e7G��90��9e "� �' FDn���%�0���'&F 
�{&"5��0��9%�e$#�'5_7G��9[�:�>-% "90�_/1 <7G��9[-%$#�� "�����%$+/1�y�EAz�� �' FD��:�>-0 "905_d. "�'�]=>��9%�L��$#�'�_&F$+-0�L���'=>��&"��7G��90=>/1 "90-VR
�P��7T�� "�]���'-% "$#�0�.7"90/U=>5>&"��9ed6 "���XW� '-0�0���:�����]&"�>-!7G��9L���:@��%90�>-]&)(  "�n�:/U&"@��+�u&)(x/�-0=�$#�#�����%$+/1� �v�+�>-

∆m2���^�+�>-
θij
�[�� �9L��7"78/19%�!&"�>- �' FD����%�0���'&F '-a���^�:�>-% "905>-VRB�P�o7T�� "�^�O/1$#9a-% "9^���,w';� "90�e&"�.&F90/1$#�0�e2� '�]���

7"90/1MG��M"$#�#$#�05^&"��-% "9%��$+�P&F 
νµ
�'�[&"5�78���'&.7G�1-N&"�>-K�����+�� "90-\&F ,7G��9L���:@��%90�

θ13
$#�FHJ5�9%$+�� "90�>-Cd����a�#$#�e$#�0�[&"�

S3?'/�/1rORT�P�<7T�� "�P�O/1$#9P5�;����+���:���U��2U '�a���e=>/1�e78/�-L���U�����
∆m2

12

=>/1�e�:���'=>�]d:��7"7G��9L���+�%90� � d:7G��9%�%$#9P&"�
L/E ≈ 2000km/GeV

����7"90/U&F "$#�P "�'�����U�O���+/17"7T�e�� "�0/1 "9[&"�!�Q(x/�-0=�$#�#�����%$+/1��&"�����:=>/1�e78/�-L�����0�]&"�a7"�# '-
;�9L���'&"�^Hv905>2U '���'=>�^���

∆m2
23

RG�P�4�>-%�Z���+/190-C�����:�>-% "90�^&"�[HQ��$#90�[ "�4=>��9%�L��$#�4�'/1�!M"90��&"�^-%$#�e7"�#$IwG=V���%$+/1�'-
-0 "9N���]7"90/1MG��M"$#�#$#�05 Pµµ d_MG�1- L/E

�
�

7" "$+-02U '�h�+�h7G��9L���:@��%90�
θ13

W%/1 '�h "�!9��1�+�3�'5�;��#$#;O�V��M"�+�K����&"�>-0-0/1 '-q&"�h���C�#$#�e$#�0�3&"�\S3?'/U/1rOAs7"90���"�'/1�'-
�+�[�� "�z78/1 "9Z-%$#�e7"�#$IwG��9Z�+�>-C=V���+=� "�+- 
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�<�>-% "90��9P&"�>-C/�-0=�$#�#�����%$+/1�'-Z&"�[�'�� "�%9%$#�'/�- � �

�

d�HQ��$#M"�+�
L/E

AF�+�>-N�0��9%�:�>-P&"��HJ��$#M"�+�>-\H{905>2U '���'=>�>-VA"���
∆m2

12

A�W%/1 '�����Z "�69��1�+�^�'5�;��#$#;O�V��M"�+�>-Z&"���������
=>�� FD6&"�>-C?G�� "�0�>-\H{905>2� '���'=>�>-sA'���

∆m2
23



�

�+�>-C�EDF7T5�9%$+���'=>�>-P-% "9Z�1=>=>5��+5�9L���0�� "9��'�^90��;���90&'������2� '�[�+�^7"90���e$+��9P7"$+2� '�^&)(x/�-L=�$#�#�����%$+/1�n�{/1 4�+�^7"90�E�
�e$+��9Z&"5EwG=�$#�Z&"�a7"90/1MG��M"$#�#$#�05!&"�a-% "9%��$+�s�EA"�'/1 '-N78/1 "�O/1�'-Z5>=V��9%�0��9Z�0/1 "�C9%$+-02U '�a&"�[7"?'5��'/1�:@��'�>-P&"�
MG���%�0���:�����0-[���U�%90�!�+�>-P=>/1�e7T/�-L���U�0�>-[���

∆m2
23

���
∆m2

13

���Z�'/1 '-P7T/1 "�O/1�'-P&"/1�'=^HQ��$#90�a�Q(*��7"7"90/VD�$I�
�.���%$+/1��2U '�

sin2
(

∆m2
23

L
4E

)

≈ sin2
(

∆m2
13

L
4E

) 78/1 "9C���_7"90���e$+@�90��/�-0=�$#�#�����%$+/1�zR
}B�]�.���%9%$+=>�a�b�[��g &"���U$+���U�VA'&'���'-Z=>���%�0����7"7"90/>DF$#�.���%$+/1���

UMNSP ≈





c12 s12 0
−s12c23 c12c23 s23
s12c23 −c12s23 c23



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3





}B�]7"90/1MG��M"$#�#$#�05!&"�!-% "9%�U$+� Pµµ &"����$+�������

Pµµ(L) ≈ 1 − 4
(

|Uµ1|2|Uµ3|2 + |Uµ2|2|Uµ3|2
)

sin2

(

∆m2
23

L

4E

) � IFRJI=NO�

≈ 1 − 4
(

|Uµ1|2 + |Uµ2|2
)

|Uµ3|2 sin2

(

∆m2
23

L

4E

) � IFRJI=OO�

≈ 1 − 4
(

1 − |Uµ3|2
)

|Uµ3|2 sin2

(

∆m2
23

L

4E

) � IFRJH=ZO�

≈ 1 − 4 cos2(θ23) sin2(θ23) sin2

(

∆m2
23

L

4E

) � IFRJH G �

Pµµ(L) ≈ 1 − sin2(2θ23) sin2

(

∆m2
23

L

4E

) � IFRJH=IO�
SK�>-,��7"7"90/>DF$#�.���%$+/1�'-u=>/1�'&F "$+-0�����,M"$+��� d� "�'�4-0/1�# "�%$+/1� &)(x/�-0=�$#�#�����%$+/1�kd�&"�� FD�HQ���e$#�#�+�>-.&"�6�'�� "�%9%$#�'/�-
(νµ, ντ)

A�2U '�u�'/1 '-.���%�0���'&F$+/1�'-VA
7" "$+-02U '��78/�-0��9
θ13

�U "�C=>/1�'&F "$#�.d�&"5>=>/1 "7"�+��9:�+�>-e/�-0=�$#�#�����%$+/1�'-
νe ↔

νµ
���
νµ ↔ ντ

Rh�[�6�:���:��Ah�'/1 '-e78/1 "9%9%$+/1�'-,�:/1���%90��9,2U '�6�Q(x5��% '&"�4&"�4����7"90/1MG��M"$#�#$#�05<&"��-% "9%�U$+�6&F 
νe

�>-%�_7"9%$#�'=�$#7G���+���:�����: "�'�u-0/1�# "�%$+/1� d<&"�� FD�HJ���e$#�#�+�>-
(νe, νµ)

78/1 "9��+�>-_7"90���e$+@�90�>-e/�-0=�$#�#�����%$+/1�'-4��� � � �
w';� "90�BIFRJIO�ER���� =>�62� "$N=>/1�'=>��9%�'���+�>-e�:�>-0 "90�>-]� j�7T� �a���e�����'&)Ah/1���O/1$#�:-% "9]�+�>-e=>/1 "9%M8�>-e&"��;��� '=0?'�
&"�6���bw';� "90�#IFRJIo2� '���+�>-,/�-0=�$#�#�����%$+/1�'-,?G�� "�0�>-eH{905>2� '���'=>�>-,�'�678��9%�% "9%MT���U�,2U z(*d��Q(x/190&F90�

sin2 2θ13
�+�>-

/�-0=�$#�#�����%$+/1�'-�&"�:MG�1-0-0�]H{905>2� '���'=>�,���!&)(*���e7"�#$#�% '&"�
sin2 2θ12 ≈ 0, 86

Rq����=>/1�'=��# '-0$+/1�zAz�+�>-!�EDF785�9%$+���'=>�>-
&"�e�:�>-% "90�e&)(x/�-0=�$#�#�����%$+/1�'-�7G��9!&F$+-%7G��9%$#�%$+/1��78�� "�O�������:�>-% "90��9VAz&'���'-^ "�'�.=>��9%�L��$#�'�:=>/1�Fw';� "9L���%$+/1�zAB "�'�
/�-0=�$#�#�����%$+/1�,d�&"�� FD�HQ���e$#�#�+�>-VA�=>/1�e�:�C&'���'-
�+�\�L��M"�+�V�� IFR G R��[���'-
�0/1 '-h�+�>-�=V�1-VA1 "�'�\�:�>-% "90�N&)(x/�-0=�$#�#�����%$+/1�

��/1 "90=>�>- ���� "�%9%$#�'/�-
L/E

g
��9L���:@��%90�>- lZ7"7"90/VD�$#�.���%$+/1�'-
&"�^�'�� "�%9%$#�'/�- /1M'-0��9%�O5>- ���������
	������������	���� �EDF7"�+/1905>- d]&"�� FD�HJ���e$#�#�+�>-
�Z5V�1=��0�� "90-

ν̄e
> 104 �

θ13
A
∆m2

13

�
(νe, νµ)< 103 �

θ12
A
∆m2

12

���/1�+��$#�
νe

��� �
lN=>=>5��+5�9L���0�� "90-

νµ
< 103 �

θ23
A
∆m2

23

�
(νµ, ντ)l\�%�:/�-%7"?'@�90�

< 104

� 	 �AU �=UXVWY 
�oilP\�f jvh�c�_ \^hkj � d}a{d�j��WoPgPaPs hXaPea ��f=oPg²jbaqs[lPaPe"d}a3d�j eXf[\`g«jThTj~z`s f=zne²e²jv]n_~aFe
	
�)z�cng _baPe s a c^hTg²j s'z`eePz _~\`j gPa ��_baGf[\`gP\`r:| hTgPa

L/E
s � \�f[\�e � gP\`j r:aqs h)d�aLePaqs+e �}c���c�aL_�� a��Wa`h�x{� � r:z^d�j � aL_~\ d�j emhv\nsWlPa�d�� z`e�l²j _ t_~\�hTj~z`s

	
7G��9\&F$+-07G��9%$#�%$+/1���>-0�3$#�'-0���'-0$#M"�+�[d!�0/1 "�0��7"?G�1-0��&"�Z��$+/1�����%$+/1�6&"�^SKgqAF=V��9N&'���'-3���!7"90/1MG��M"$#�#$#�05^&"��-% "9%�U$+��A
�+�>-]�0��9%�:�>-:&"�u�����.���%9%$+=>���<�^��g ��7"7G��9L��$+-0-0���U�.�����'/19%�:�4�� �=V��9%905�R�SK���z(x�>-0�_7G�1-]�+��=V�1-e&'���'-e�+�>-
�:�>-% "90�>-C7G��9Z��7"7G��9%$#�%$+/1�zR
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π+/K+ → µ+ + νµ.
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νµ
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µ−
\V?O6B*,C�')H s�:, �A) 

ν̄µ
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µ+
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�LW HI9;'@?GAM6UyL6BA) &:<%�C< �AK� 6B*<�LA) 8C< �EG#&AM6B*<�z 
θ13

 -H(?G"<%I9V+Ic, 8C< �AM6UA@'@Ej'@?I 8#&?O6B=<A@') X"�6B%GAK�! p�V"~#&%(') &*,+- u�c,9t9 
[a N HO6-yz9;'@% sin2 θ13 / 0.18
f�\

 �W HI9;'@?  &A@A) � -H(?D'@*�x]#&%(') &:<%I N AM6hHO &*,H('@=<'@A@'@?I#�C< �.1032	4	5Ua N HO6^yz9;'@% sin2 θ13 < 0.07
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sin2 θ13 < 0.07

\ N 3σ
\�"$9;:<%[:<*, QHI?O6B?(')H(?(')s�:, 1C< 

25 × 1020 "<%I9;?I9;*,H�H(:<%/+&'@=<A) WSW \� &?"$9;:<%
∆m2

23 ≈ 2, 5 × 10−3  �E 2 Wvuw �%I#-H(:<A@?O6B?h -H(?>HI+Oc,#&E�6B?(')HI#/H(:<%rAM6 ),�L:<%I [R�W@����a�=�f�"~9;:<%>C�'@a#&%I &*�?I -HH(?O6B?(')H(?(')st:, -H^\< &? "~9;:<% C�'@a~#&%I &*t?I -H yL6BA) &:<%IH C< 
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uw h+Ic�6B"<'@?(%I h -H(?n+-9;*,HO6;+&%I# N AM6FEG#&?(c,9VC< JC< >%I -+-9;*,H(?(%(:,+&?(')9;*7C< -H�?(%O6;+- -HnC< JEr:,9;*,H	st:, d-� 6B'vC<#&yz b"A)9;"<"$#- L\V+-9;EjEG �:<*, �6BA@?I &%(*�6B?('@yz N AM6�EG#&?(c,9VC< �C< %I -+-9;*,H(?(%(:,+&?(')9;*XHI?O6B*,C,6B%ICFC< �.Q0¦2	4	5$Wt.19;*F?(%O6^y;6B'@A6n"$9;%(?I#D &*�"�6B%(?(')+&:<A@') &%�H(:<%�AM6n%I -+Oc, &%I+Ic, `C< -H�?(%O6;+- -H�C< -H Er:,9;*,H�6B'@*,HI'�s�:, DHI:<%�AM6	C<#&?I &%(Ej'@*�6B?(')9;*FC< DA) &:<%#&*, &%(�L') �\<+- &?(?I 	C< &%(*<',+&%I n"$9;:<yL6B*�? �&?(%I �%I#^6BA@')HI#- 	C< nC< &:���xK621-9;*,H|C�'@a~#&%I &*t?I -H`�V"�6B%|+^6BA)9;%('@EG#&?(%(') L\�9;:["�6B%6B*�6BA�-VHI jC< hAM6/+-9;:<%(=<:<%I �C�: Er:,9;*qW�c	6B*,Hn?I9;:<?r+- jst:<'�H(:<'@?^\9;*7HI h"<AM6;+- jC,6B*,H	A) jC<#&?I -+&?I &:<%>A)9;'@*�?O6B'@*qW��� 6B"<"<A@')+^6B?(')9;* C< j+- &?�6BA@�z9;%('@?(c<EG �6B: C<#&?I -+&?I &:<%	"<%I9t+Oc, h*q� 6F"�6;H	 &*,+-9;%I j#&?I#Jx]6B'@?I LW~��6[C<#&?I &%(Ej'@*�6B?(')9;*C< nAK�!#&*, &%(�L') 	C< -HD*, &:<?(%('@*,9LH  -H(?|AM6h+&A) pxvC< nAK� 6B*�6BA�-�HI �"<%('@*,+&'@"�6BA) �C< -H #&yz#&*, &EG &*t?IH C< n.1032	4	5$W*$�*X ba~ &?^\+L�! -H(?[{pAK�!9;=,HI &%(yL6B=<A) z{[s�:<'�"$ &%(EG &?hC< �C<#&?I &%(Ej'@*, &%jH^� '@AY- 6X &: :<*, F9LHI+&'@A@AM6B?(')9;*  &?^\ZA) �+^6;HJ#-+Ic,#^6B*�?^\}A) -H"�6B%O6BEG+&?(%I -H C�!9LHI+&'@A@AM6B?(')9;*qWz� � 6B*�6BA�-VHI "<%('@*,+&'@"�6BA) C< D.Q0¦2	4	5�%I#-HI')C< DC,6B*,H}AK�!#&?(:,C< C< -H�+-9;:<%O6B*�?IH�+Ic�6B%(�z#-HC< 
νµ

�
νµ + N → µ− + X .

a �,W@��f
��6 C<#&?I &%(Ej'@*�6B?(')9;*jC< �AK�!#&*, &%(�L') wC�:r*, &:<?(%('@*,9`C<#&"$ &*,C>C<9;*,+ C< +- &A@A) �C�:�Er:,9;*h &?ZC�:r"<%I9tC�:<'@?Zc�6;C�%I9;*<')s�:, C< �AK� '@*�?I &%O6;+&?(')9;*qWw�q -H�C<#&?I -+&?I &:<%IH[C< X.1032	4	5 "~ &%(EG &?(?I &*�?FC< XEG -H(:<%I &%F+- -HG#&*, &%(�L') -H�Wwuw9;EjEG �*,9;:,HAK� 6-yz9;*,H�yt:1C,6B*,H A) >+Ic�6B"<'@?(%I jR�\,A) -H�C<#&?I -+&?I &:<%IHnHI9;*�?nC< -H�+^6BA)9;%('@EG+&?(%I -H^\�+- >s�:<'ZA@'@Ej'@?I rA) &:<%�%I#-HI9;A@:<?(')9;*,H &*X#&*, &%(�L') n"$9;:<%DA) -H|�z &%(=~ -H|c�6;C�%I9;*<')s�:, N 55%/

√

E(GeV)
 &?DC�! &*�yV'@%I9;*

10%
"$9;:<%|A) -H|Er:,9;*,H�W,2`9;:,H*,9;:,H�+-9;*,+- &*t?(%I &%I9;*,H^\<C,6B*,H�+- E�6B*�:,HI+&%('@?^\�H(:<%�AM6�C<#&?I &%(Ej'@*�6B?(')9;*�C< AK�!#&*, &%(�L') nC< -H�Er:,9;*,H�:<*F"~9;'@*�?|+&A) pxC< 	AK� 6B*�6BA�-VHO 	C< -H %D$�� s�:, n*,9;:,H yz &%(%I9;*,H 6B:8+Ic�6B"<'@?(%I >H(:<'@yL6B*�?^W

� /21 3 4�: ��� � ��4�� 4 � �=:���8���: ���� "%$
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ν(2, 5 GeV) + n → µ−(1, 7 GeV) + p(0, 4 GeV)
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ν(2, 8 GeV) + p → µ−(1, 7 GeV) + p(1, 0 GeV) + π+(0, 6 GeV)
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ν(11, 2 GeV) + n → µ−(4, 9 GeV) +
(

π0, π+, π−
)

(5, 2 GeV)
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ν(E) + n(M) → µ−(E′) + p(M′)
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=

(
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(

dγ

ds

)

fer

+ 1 ×
(

dγ

ds

)

scint

)

/5, 94.
a �,W#"zf

uw &?(?I r6B"<"<%I9-��'@E�6B?(')9;*Q�z#&* +&%I �:<*, � &%(%I &:<% H(:<%
dγ/ds

C< nEG9;'@*,H C< �S�\ R��[\,st:, &A@A) �st:, 	HI9;'@?DAM6hyL6BA) &:<% C< 
γ
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Énergie simulée (GeV)

Erreur de reconstruction par courbure
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Eosc
= (2n + 1)π2

\,6^yz -+
n
 &*�?(') &%^\�+- �s�:<'qC<9;*<*, �

En = 2, 54∆m2
23

L

(2n + 1)π
.
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Energie du neutrino en GeV

Probabilité d’oscillation du νµ
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Densité moyenne par bande dans un événement
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E(GeV)
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νµ + N → µ− + N′ \w9�� N
 &?

N′ HI9;*t?/C< -H[*t:,+&A)#-9;*,H^\|9;:k6;HOH('@Ej'@A)#-HXW^W|4`* *,9;?I 
Pν

AK�!#&*, &%(�L') b"K'@Ej"<:<A)H(')9;* C�: *, &:<?(%('@*,98'@*,+&')C< &*t?^\Z &?
Pµ
\
PN

\
PN′

+- &A@A) -HrC�: Er:,9;*  &?>C< 
N
 &?

N′ %I -H�""~ -+&?('@yz &EG &*�?^W}4`*7*,9;?I G#&��6BA) &EG &*t?rAM6�C<#-+-9;Ej"~9LH('@?(')9;* C< j+- -H>s�:�6;C�%('@yz -+&?I &:<%IH>C< jAM6[xK621-9;*7H(:<'@yL6B*�?I �
Px = (Ex,−~px)

W�o A)9;%IH�AK�!#&��6BA@'@?I#`C< -H�'@*�yL6B%('M6B*�?IH�%I &AM6B?('@yV')H(?I -H C< -H�"�6B%(?(')+&:<A) -H '@*<'@?('M6BA) -H� &?�),*�6BA) -H�C<9;*<*, `�
(Pν + PN)2 = (Pµ + PN′)2

M2
ν + M2

N + 2Pν · PN = M2
µ + M2

N′ + 2Pµ · PN′

Pν · PN − Pµ · PN′ =
M2
µ + M2

N′ − M2
ν − M2

N
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N
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~ε
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θxx′
AK� 6B*<�LA) 

(~px, ~px′)
W�4`*�?(%I9;:<yz >6BA)9;%IH0�

Pν · PN − Pµ · (Pν + PN − Pµ) =
M2
µ + M2

N′ − M2
N

2

Pν · (PN − Pµ) =
M2

N′ − M2
µ − M2

N

2
+ Pµ · PN

Eν (EN − Eµ − ε cos(θνN) + pµ cos(θνµ)) =
M2

N′ − M2
µ − M2

N

2
+ Pµ · PNuw &AM6GC<9;*<*, L\<"$9;:<% AK�! p�V"<%I -HIHI')9;*5),*�6BA) �C< 

Eν
 &*/xb9;*,+&?(')9;*8C< -H`C�'@a~#&%I &*t?IH "�6B%O6BEG+&?(%I >+&'@*,#&E�6B?(')s�:, -H �

Eν =

(

M2
N′ − M2

µ − M2
N

)

/2 + Pµ · PN

EN − Eµ − ε cos(θνN) + pµ cos(θνµ)
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Eν
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ε = 0
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Eν =

(

M2
N′ − M2

µ − M2
N

)

/2 + EµMN

MN − Eµ + pµ cos(θνµ)
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Eν =
EµMN

MN − Eµ + pµ cos(θνµ)
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νµ + p → µ− + ∆+ → µ− + p + π+
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MN − Eµ + pµ cos(θνµ)
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2�9;:,Hj6-yz9;*,HGC<#¦d N ?(%O6��)?I#/A) -Hj#&?O6B"$ -H/�/ &?  1C,6B*,HhA) /+Ic�6B"<'@?(%I /"<%I#-+-#-C< &*�?F &?hC,6B*,Hj+- &A@:<'@"l+&'KW'$�*  ba~ &?^\EG -HI:<%I &% A) HI"$ -+&?(%I %I &yt') &*t? N C<#&?I &%(Ej'@*, &%�AK�!#&*, &%(�L') �C< -H *, &:<?(%('@*,9LHwC<#&?I -+&?I#-H|C,6B*,H A) -H�C< &:���C<#&?I -+&?I &:<%IH^W03A� -H(?�#&yt')C< &EjEG &*t?�'@*,C�')H("~ &*,HO6B=<A) C�! ba -+&?(:, &%wA) -H�E��&EG -H +-9;:<"<:<%I -HwC,6B*,H�A) -H�C< &:���C<#&?I -+&?I &:<%IH "~9;:<%�*, "�6;H`'@*�?(%I9VC�:<'@%I JC< �=<'M6B')H�HS-VHI?I#&E�6B?(')s�:, rA)9;%IH C< �AK�! p��?(%O6B"~9;AM6B?(')9;*qW$2�9;:,H HI:<"<"$9LHI &%I9;*,H�st:, 	A) -H yL6B%('M6B=<A) -HC�: ),A@?(%I %D$�� HI J+-9;Ej"$9;%(?I &*t?�C< rAM6FE��&EG JE�6B*<',+&%I J"$9;:<%�A) -HnC< &:��QC<#&?I -+&?I &:<%IH^WYv9;:<%wd¦:,H(?('@)� &%	+- &?(?I c�-t"~9;?(c +-HI L\$'@A�H(: 3G?	C< J"<%I &*,C�%I L\C,6B*,HnA) JC<#&?I -+&?I &:<%	"<%I9V+Ic, L\~A) -Hn#&yz#&*, &EG &*t?IHrC<9;*�?	A) >yz &%(?I p� C� '@*�?I &%�"6;+&?(')9;*� -H(?DH(: 3�Hg6BEG &*�?D"<%I9V+Ic, nC�:�C<#&=<:<? C�:/C<#&?I -+&?I &:<%D"~9;:<% 6-yz9;'@%|:<*/E�6��V'@E>:<E C< �AM6r?(%O6;+- nC,6B*,H|AM6"�6B%(?(') +^6BA)9;%('@EG#&?(')s�:, �s�:<'<"~9LHIH;+-C< :<*, D�z#-9;EG#&?(%(') ')C< &*t?(')s�:, N +- &A@A) C�:�C<#&?I -+&?I &:<%�A)9;'@*�?O6B'@*qW#$�*jxK6B')HO6B*�?+- +Ic,9;'��\t9;*G%I -HI?(%I &'@*�?w:<*G"$ &:FA) D*,9;Er=<%I �C< *, &:<?(%('@*,9LH�?(%O6B'@?I#-H^\�E�6B')H #&?O6B*�?|C<9;*<*,#- AM6rH(?O6B?(')H(?(')st:, D?(%;+-H'@Ej"~9;%(?O6B*�?I >C�:8C<#&?I -+&?I &:<% "<%I9V+Ic, �z\�AM6j%I -H(?(%(')+&?(')9;*X*q�! -H(? "�6;H � �&*�6B*�?I LW03A�*,9;:,H[x]6B:<?/?(%O6��)?I &%�E�6B'@*�?I &*�6B*t?XA) -H/"~9;'@*�?IHXR�\ �,\| &? Z�\|+- Ust:, Q*,9;:,HX6BA@A)9;*,H[xK6B'@%I UC,6B*,H/A) -H/C< &:��"<%I9V+Ic�6B'@*, -H`HI -+&?(')9;*,H^W

��������� � � � � �"/,* %���'(' � � �-*2/���'

C�%/.;+- N :<*, H('@Er:<AM6B?(')9;*h.Q9;*t?I wu|6B%(A)9<\�AM6D+-9;A@AM6B=$9;%O6B?(')9;*j6D#&?O6B=<A@'tA) �%O6B"<"~9;%(?�C< -H�H("~ -+&?(%I -Hq?(c,#-9;%(')st:,  &*t?(%I 1A) QC< &?I -+&?I &:<%/A)9;'@*�?O6B'@*  &?FA) 8"<%I9V+Ic, L\|st:, 8AK�!9;* C< &yV%O6B'@?/9;=<?I &*<'@%/C,6B*,H[A) Q+^6;H/9�� '@A`*q� - 6 "�6;HC�!9LHO+&'@A@AM6B?(')9;*qWvuw &AM6["~ &%(EG &?r &*7 ba~ &?>C< h%I#^6BA@')HI &%�AK�! p��?(%O6B"$9;AM6B?(')9;* C�: H("$ -+&?(%I hA)9;'@*t?O6B'@* +-9;*<*�6B')HIHg6B*�?�A) "<%I9V+Ic, LW;uw �%O6B"<"~9;%(?�?(c,#-9;%(')st:, L\�+-9;%(%I -H("~9;*,C,6B*�? N AM6 *,9;%(E�6BA@')HO6B?(')9;*JC< -HZC< &:���H("$ -+&?(%I -H�AK� :<*r"�6B%Z%O6B"<"$9;%(?N AK� 6B:<?(%I L\� -H(? C<9;*<*,#	"�6B% AM6 ),�L:<%I Z�W@�^R<a]6zfpW

�Z9;:<?jC� 6B=$9;%IC\v9;* "~ &:<?Jyz9;'@%JH(:<%h+- F�L%O6B"<c, [st:q� '@A%- 6X:<*�%O6B"<"$9;%(?J�LA)9;=�6BADC< FHI?O6B?(')H(?(')s�:, [C�! &*�yV'@%I9;*
10−6 W�4`*�yz9;'@?h#&��6BA) &EG &*t?Gs�:, �A) �%O6B"<"~9;%(?h*q�! -H(?J"�6;HJ+-9;*,HI?O6B*�?j &* x]9;*,+&?(')9;* C< �AK�!#&*, &%(�L') LW�$�**),*q\}9;*%I &E�6B%Ist:, �st:, FA) -Hh'@*,+- &%(?('@?(:,C< -H�\� &* ),�L:<%I Z�W@�^R<a�=�fJHI9;*�?j &A@A) -H�6B:,HIHI'�yL6B%('M6B=<A) -H�6-yz -+/AK�!#&*, &%(�L') LW 2`9;:,H6BA@A)9;*,H`C<9;*<*, &% C< -HD%O6B')HI9;*,H N +- -H C�'@a#&%I &*�?I -H 9;=,HO &%(y;6B?(')9;*,H^W$�*[+- nst:<'�+-9;*,+- &%(*, nAM6>H(?O6B?(')H(?(')st:, L\�'@A�x]6B:<?w"<%I#-+&')HI &%Dst:, A) `x]6B')HO+- ^6B:[C�'@yz &%(�z L\V?(%;+-Hw"$ &:q\tE�6B')H|H(: 3�HO6BE "EG &*t? "~9;:<% s�:q� N P;RLSJTtEX\<A) n%O6B"<"~9;%(? C< -H`H("$ -+&?(%I -H`6B?(?I &'@�L*, �:<*, 	?I &A@A) 	yL6BA) &:<%^W,��6hHI:<%ex]6;+- 	EG9�-z &*<*, J5C�:/xK6B')HI+- ^6B:8C< rC�'@yz &%(�z &*,+- 

α N :<*, rC�')H(?O6B*,+- �� +&%I9-�)?`+-9;EjEG L2  &?  -HI? C<9;*<*,#- 	"�6B%0�
S = π (L tan α)2 ' πL2α2

oZyz -+h:<*, GC�'@yz &%(�z &*,+- jEG9�-z &*<*, 
α ' 4, 5mrad

\q9;* ?(%I9;:<yz j:<*, �H(:<%ex]6;+- j+-9;%(%I -HI"$9;*,C,6B*t? N +- &A@A) GC� :<*C�')HOs�:, JC�! &*�yV'@%I9;*7RGTVE C< >%O6�-z9;*qW�� r%O6B"<"~9;%(?	C< rAM6FH(:<%exK6;+- >C�:UC<#&?I -+&?I &:<%	A)9;'@*�?O6B'@*  &?nC< >AM6FHI -+&?(')9;*
5 + �����%���������X���o�
� 106 � �b�[���o�[�o�������e���2���[�e�������o� �o�2�o�]�[� �
�������������
�]�������
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0l*t?I &%("<%I#&?O6B?(')9;*1 &*�?I &%(EG �C< �"�6B%O6BEG+&?(%I -H C�!9LHI+&'@A@AM6B?(')9;* � � �

7,� = �>�O�o�^�2�����
���!���^�����������D~(�b�[�
 
���O�[��� 1 ����� 	o�

7���= � �������
���`�����`��� ���2�o�^�2���0�
���
���^������������~(�b�[�����O�[��� 1 ����� 	o�

�|���w� �$�b�L�� ���O�z�~ &¥p¡��;£G§V -¥3���-¨����¦�z¡M�) &§ �;£I�h���~£p�p¡M¥I£(�J�l���r�^¨)�(� s~ &��§V¡b�-��§ � =�¥( z�K�V£Xm�£&¡n�(£(�G£e¥¦¥(£-�^¥e�J£&¡��§<�(£(¥g¡ � ¡3�L�;£I�������g¡b�(�	�z¡M�rqL�B£(�
C�:FxK6B')HI+- ^6B:�C<9;*<*, n:<*/%O6B"<"$9;%(?

R ' (4m)2

(3,3km)2
' 1, 5× 10−6 \�+-9;%(%I -H("$9;*,C,6B*t? 6B:/%O6B"<"$9;%(?DEG9�-z &*XC< `AM6

),�L:<%I 0Z�W@�^R<a]6zfpW
$�*X+- ns�:<'+-9;*,+- &%(*, nAK� '@*<c,9;EG9;�z#&*,#&'@?I#�C< -H|%O6B"<"~9;%(?IH^\�'@A~"�6B%O6��)? #&yt')C< &*t?^\<C� 6B"<%;+-HD+- ns�:<'~"<%I#-+�+-C< 	st:, `AM6C�')H("$ &%IHI')9;*h6B*<�L:<AM6B'@%I | -H(?�xb9;*,+&?(')9;*hC< AK�!#&*, &%(�L') |C< -HZ*, &:<?(%('@*,9LH^\; &?vst:, �A) -Hv*, &:<?(%('@*,9LHv')HIH(:,HvC< �"<')9;*,H�"<A@:,H#&*, &%(�z#&?(')s�:, -HnHI &%I9;*t?`"<A@:,H xb9V+^6BA@')HI#-H`s�:, >+- &:��8C< �EG9;'@*,C�%I J#&*, &%(�L') LW=cn �"<A@:,H�\,AK�!#&*, &%(�L') hC� :<*8*, &:<?(%('@*,9"<%I9tC�:<'@?w"�6B%�AM6rC<#-H('@*�?I#&�L%O6B?(')9;*XC� :<*["<')9;*/ -H(?�x]9;*,+&?(')9;*[C�:�x]6;+&?I &:<%

γ
C�:["<')9;*[ &?wC< AK� 6B*<�LA) �C�!#&Ej')HIH(')9;*C,6B*,H A) n%I#px]#&%I &*�?(') &A�?I &%(%I -HI?(%I G�

Eν ∝
1

1 + γ2θ2uw -+&'�EG9;*�?(%I JC<9;*,+rst:, 	"~9;:<% :<*8"<')9;*QC� :<*, r#&*, &%(�L') JC<9;*<*,#- L\,"<A@:,H A) r*, &:<?(%('@*,9G"<%I9VC�:<'@? "~9LHIH;+-C< 	:<*, #&*, &%(�L') �'@Ej"~9;%(?O6B*�?I L\;"<A@:,Hv'@A� -H(?Zxb9V+^6BA@')HI#LW ��9;:,H}+- -Hv%I#-H(:<A@?O6B?IH}HI9;*�?�#&yV')C< &EjEG &*�?^\;AM6`H('@Ej"<A) |+-9;*,HI#-s�:, &*,+- C� :<*[=~9V9LH(?wC< n�q9;%I &*t? 
zW�u��! -H(?D+- ns�:, `AK�!9;*/"$ &:<?D9;=,HI &%(yz &%Dst:�6BA@'@?O6B?('@yz &EG &*�? H(:<%wA) -H|%O6B"<"~9;%(?IH N c�6B:<?I -H#&*, &%(�L') -H st:<', -H(?�"<A@:,H�#&A) &yz# st:, |AM6nEG9B-z &*<*, LW�uw &"$ &*,C,6B*t?^\t6B:��h"<A@:,H�=�6;HIHI -H #&*, &%(�L') L\LAM6	+-9;Ej"<%I#&c, &*,H(')9;*C�:7"<c,#&*,9;EG+&*, GC< &yV') &*�?r"<A@:,HrC�' 3�+&'@A) G+^6B%�A) -Hn*, &:<?(%('@*,9LHJC< h=�6;HIHI j#&*, &%(�L') j"~ &:<yz &*�? �&?(%I GA) h"<%I9tC�:<'@?IH6B:,HIH('<=<') &*GC< D"<')9;*,H�C< |c�6B:<?I -H�s�:, |C< D=�6;HOHI |#&*, &%(�L') LW�o`'@*,H('�A) |%I#-H(:<A@?O6B? C< |AM6	H('@E>:<AM6B?(')9;*G*, DH^�! p��"<A@')s�:, "�6;H H('@Ej"<A) &EG &*�?`"�6B% :<*X%O6B')HI9;*<*, &EG &*t?`st:�6BA@'@?O6B?('�xeW
c� X"<A@:,H^\�H(:<%�+- &?(?I ),�L:<%I L\ 9;* "~ &:<?Gyz9;'@%�#&��6BA) &EG &*t?FA) -H�=�6B%(%I -H�C�! &%(%I &:<%IH/6;HIHI9V+&')#- -H�6B:�� %O6B"<"$9;%(?IH^Wuw &A@A) -H�"l+&'�"<%I &*<*, &*�?J &* +-9;Ej"<?I j:<*7�L%O6B*,C7*,9;Er=<%I GC� '@*,+-9;*<*t:, -HJ &?�C< h"�6B%O6BEG+&?(%I -HJst:, hAK�!9;*7*, h"$ &:<?"�6;H E�6��)?(%(')HI &%�C,6B*,H`.1032	4	5$W,��6j"<%I &Ej',+&%I N AM6;st:, &A@A) r9;*Q"$9;:<%(%O6B'@?`"$ &*,HO &%  -H(? AM6hEG#-+-9;*<*�6B')HOHO6B*,+- >C< AM6�+-9;Ej"$9LHI'@?(')9;* H("~ -+&?(%O6BA) G p�<6;+&?I jC�:7x]6B')HI+- ^6B: N HO6/+&%I#^6B?(')9;*qW�0¦+&'K\~A) h"<%I9;=<A,+&EG � -H(?	:<* "$ &:7C�'@a#&%I &*�?+^6B%�AM6�"<%I#-HI &*,+- nC�:FC<#&?I -+&?I &:<%|"<%I9t+Oc, "~ &%(EG &?Zd¦:,H(?I &EG &*t?DC< H^� 6
a~%O6B*,+Ic<'@%DC< +- &?(?I `*,#-+- -HIH('@?I#LW#$�*/ ba~ &?^\A) hx]6B')HO+- ^6B:7?(%O6-yz &%IHO6B*t?j &*�?(',+&%I &EG &*�?JA) �C<#&?I -+&?I &:<%>"<%I9t+Oc, L\�+- &A@:<'@"l+&'�"$ &%(EG &?JC< jA) j*,9;%(E�6BA@')HI &%J &* �,:�� &?r &*7#&*, &%(�L') LWZu��! -H(?�:<* 6B?I9;:<?> -HIHI &*�?(') &AwC< j.Q0¦2	4	51s�:<' 6B=�6B')HIHO jC< hx]621-9;*7+-9;*,HI')C<#&%O6B=<A) GA) -H� &%(%I &:<%IHHS-VHI?I#&E�6B?(')s�:, -H>s�:, �AM6/EG#-+-9;*<*�6B')HIHO6B*,+- [C�:7xK6B')HI+- ^6B:7"<%I9�yz9tst:, &%O6B'@?^W>$�*7xK6B'@?^\qAK�!9;%('@�L'@*, �C< F+- -H�=�6B%(%I -HC�! &%(%I &:<%` -H(?D"<%('@*,+&'@"�6BA) &EG &*t?�AM6hx]621-9;*8C<9;*t?`HI9;*t? "<%I9VC�:<'@?IH A) -HD*, &:<?(%('@*,9LH���'@A)H HI9;*t? A) -HD"<%I9VC�:<'@?IH C< 	AM6C<#-H('@*�?I#&�L%O6B?(')9;* C< J"<')9;*,H	 &?	C< JT;6;9;*,H	C,6B*,Hn:<*U?(:<*<*, &A�C< hC<#-H('@*t?I#&�L%O6B?(')9;* C�! &*�yV'@%I9;* P;SLS[E C< >A)9;*<�,\ &?�C� :<*1EG+&?(%I >C< >%O6�-z9;*qW~��� '@Ej"~9;%(?O6B*�?I hA)9;*<�L:, &:<%	C�:Q?(:<*<*, &Av"~ &%(EG &?	6B:��Xc�6;C�%I9;*,H�C� 6^yz9;'@%nA) r?I &Ej",HC< 8HI QC<#-H('@*�?I#&�L%I &%^\D6B:<�LEG &*�?O6B*t?86B'@*,H('�A) �,:��\�E�6B')H�6�de9;:<?O6B*t?FAK� '@*,+-9;*<*t:, UC< 8AM67A)9t+^6BA@')HO6B?(')9;* C< XAM6C<#-H('@*�?I#&�L%O6B?(')9;*qWqm`*U�L%O6B*,C C�'M6BEG+&?(%I jC�:U?(:<*<*, &A a� �EG+&?(%I -Hpf "~ &%(EG &?	#&��6BA) &EG &*�?rC� 6B:<�LEG &*t?I &%rA) �,:��
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 &*/#&?O6B*�?wEG9;'@*,H|HI#&A) -+&?('�xZH(:<%�AK� 6B*<�LA) nC< -H c�6;C�%I9;*,H^\VE�6B')H�'@*�?(%I9VC�:<'@?|:<*, �6B:<?(%I �'@*,+-9;*<*�:, nH(:<%�AM6�"~9LH('@?(')9;*?(%O6B*,HIyz &%IHI �C< nAM6jC<#-H('@*t?I#&�L%O6B?(')9;*qW�o`'@*,H('K\�:<*�*, &:<?(%('@*,9F9;=,HI &%(yz#r6B:�*<'@yz ^6B:QC�:XC<#&?I -+&?I &:<%`"<%I9t+Oc, N :<*, +- &%(?O6B'@*, F"~9LH('@?(')9;* "~ &:<?J6^yz9;'@%J#&?I#�"<%I9tC�:<'@? N *q� '@Ej"~9;%(?I Fst:, &A� &*,C�%I9;'@?hC�: ?(:<*<*, &A|C< �C<#-H('@*t?I#&�L%O6B?(')9;*q\6�d(9;:<?O6B*�?`:<*, n'@*,+-9;*<*�:, JH(:<%DAK� 6B*<�LA) �st:, �HO6J?(%O6�d( -+&?I9;'@%I 	xK6B'@? 6-yz -+	AK� 6��< 	"<%('@*,+&'@"�6BA) ��<C<#&?I -+&?I &:<% "<%I9V+Ic, 
" C<#&?I -+&?I &:<%`A)9;'@*�?O6B'@*qW�� �C< &%(*<') &%D"<%I9;=<A,+&EG n'@Ej"~9;%(?O6B*�? st:, `*,9;:,H 6-yz9;*,HD#&yz9Vs�:,#n -H(?|s�:, �A) x]6B')HO+- ^6B:/ -HI?|+-9;*t?O6BEj'@*,#	 &*/T;6;9;*C< xK621-9;*rE�6BA�C<#&?I &%(Ej'@*,#- L\L &* �,:��r &?} &*J#&*, &%(�L') LWL4`%vA) -HZTL6;9;*,Hv9;*�?v:<*, �+&'@*,#&E�6B?(')st:, |C< �C<#-H('@*t?I#&�L%O6B?(')9;*:<*8"$ &:8C�'@a#&%I &*�?I JC< r+- &A@A) rC< -H "<')9;*,H`"<:<')HIs�:, �A) -H`6B*<�LA) -H�C�!#&Ej')HIH(')9;*QC< -H *, &:<?(%('@*,9LH`C<#&"~ &*,C< &*�?nC< 	AM6E�6;HOHI 	C�:Xc�6;C�%I9;*8st:<'qA) -HD"<%I9VC�:<')HI &*�? � W<o '@*,H('K\�AM6jEG#-+-9;*<*�6B')HIHO6B*,+- rC< nAM6G+-9;Ej"$9LHO6B*t?I rC�:/xK6B')HI+- ^6B:8 &*TL6;9;*�C<9;*<*, D:<*, '@*,+- &%(?('@?(:,C< H(:<"<"<A)#&EG &*t?O6B'@%I `HI:<%�AM6	C�'@yz &%(�z &*,+- C�:Gx]6B')HI+- ^6B:F &*jxb9;*,+&?(')9;*[C< DAK�!#&*, &%(�L') LW�Z67+-9;*,+&A@:,H(')9;* C< 8+- &?(?I X"�6B%(?(') QH(:<%�A) -H�'@*,+- &%(?('@?(:,C< -H/HS-VHI?I#&E�6B?(')s�:, -H�"$9;:<%FA) �%O6B"<"$9;%(?[C< -HFHI"$ -+&?(%I -HA)9;'@*t?O6B'@* ��"<%I9t+Oc, > -HI? s�:q�! &A@A) -H`HI9;*�? '@*�x]#&%(') &:<%I -H N R���"$9;:<%

Eν < 5GeV
\� &? �LA)9;=�6BA) &EG &*�? � "��[W

.U6B'@*�?I &*�6B*t?^\<�L%/.;+- N +- �%O6B"<"$9;%(? C< nH("~ -+&?(%I �?(c,#-9;%(')s�:, L\,*,9;:,H|"$9;:<yz9;*,HDC<#-C�:<'@%I �C� :<*�H("~ -+&?(%I nEG -H(:<%I#6B: C<#&?I -+&?I &:<%�"<%I9V+Ic, L\~A) hH("~ -+&?(%I J?(c,#-9;%(')s�:, G6B: C<#&?I -+&?I &:<%�A)9;'@*t?O6B'@* HO6B*,Hn9LHI+&'@A@AM6B?(')9;*qWq�� -H	 &%(%I &:<%IH	s�:<' &*�%I#-HI:<A@?I &%I9;*�? HI &%I9;*t? A@')#- -H C� :<*, 	"�6B%(?^\ N AK�! &%(%I &:<%`C�:�%O6B"<"$9;%(? ?(c,#-9;%(')st:, 	C< nAM6hH('@E>:<AM6B?(')9;*�a�*,9;%(E�6BA@'@"Hg6B?(')9;*�fp\�E�6B')H H(:<%(?I9;:<?^\,C� 6B:<?(%I 	"�6B%(? N AM6j%I -+-9;*,H(?(%(:,+&?(')9;*8C< -H #&yz#&*, &EG &*t?IH "~9;:<%DA) 	C<#&?I -+&?I &:<% "<%I9V+Ic, LW2�9;:,H}6-yz9;*,H�H(:<"<"~9LHI#�"<A@:,Hvc�6B:<?}s�:, �AM6 %I -+-9;*,H(?(%(:,+&?(')9;*�6B:>*<'@yz ^6B:hC�:hC<#&?I -+&?I &:<%�"<%I9t+Oc, �#&?O6B'@?}')C< &*�?(')st:, 
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